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ABSTRACT 


There  is  conflicting  evidence  in  the  literature  as 
to  the  effect  of  water  injection  rates  on  oil  recovery.  A 
laboratory  study  was  made  to  gain  a  better  understanding  of 
the  factors  which  influence  waterflood  behavior  in  linear 
systems • 

Results  have  indicated  that  under  a  wide  range  of 
conditions  where  stabilization  has  not  been  attained,  the  oil 
recovery  obtained  by  water  frontal  displacement  tests  is  rate 
sensitive.  The  problem  has  been  approached  by  considering 
the  unsteady  state  equations  describing  linear  flow  through 
porous  medium  to  arrive  at  factors  which  determine  the  be¬ 
havior  of  linear  waterfloods.  Variables  and  parameters  have 
been  grouped  to  form  "scaling  coefficients”  for  correlation 
purposes . 


The  results  obtained  and  explanations  of  the  ob¬ 


served  phenomena  are  presented  and  discussed 
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INTRODUCTION 

There  is  ample  evidence  in  the  literature  as  to  the 
effect  of  water  injection  rates  on  oil  recovery,  both  in 
water-wet  and  oil-wet  systems.  Various  investigations 
12,13,17,20,24,26)  have  shown  that  with  increased  water 
injection  rates,  the  oil  recovery  would  be  increased,  dec¬ 
reased,  or  rate  independent.  Although  these  studies  have 
clarified  certain  aspects  of  linear  waterflood  behavior, 
there  still  exists  some  contradictory  or  misunderstood  con¬ 
cepts  which  affect  the  applicability  of  laboratory  model 
flow  tests  for  field  performance  prediction. 

The  analysis  of  the  displacement  of  oil  by  water 
was  made  possible  by  the  theory  and  associated  equations 
established  by  Buekley-Leverett and  later  extended  by 
Rapoport  and  Leas(24)c  On  the  basis  of  developed  theory  it 
is  realised  that  flooding  behavior  is  dependent  upon  the 
length  of  the  system,  the  rate  of  injection,  the  core  pro¬ 
perties,  and  the  fluid  viscosities.  Moreover,  this  theory 
suggests  that  linear  waterfloods,  if  carefully  conducted, 
should  exhibit  scaling  and  stabilisation  properties.  An 
experimental  investigation  verifying  these  properties  in  an 
oil-wet  system  was  performed  by  Rapoport  and  Leas^2^»  How¬ 
ever,  in  water-wet  systems,  experimental  results  appear 
inconsistent.  This  may  be  attributed  to  the  fact  that  the 


. 
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scaling  and  stabilisation  properties  have  not  been  satis¬ 
factorily  attained  in  many  cases. 

With  these  fundamental  objectives  in  mind5  a 
laboratory  study  was  made  to  gain  a  better  understanding  of 
the  factors  which  influence  oil  recovery  by  waterflooding , 
Waterflood  tests  were  performed  on  a  limestone  core,,  on  an 
unconsolidated  sand  pack,,  and  on  two  alundum  cores.  The 
cores  were  initially  water-wet „  An  attempt  was  made  to 
reverse  the  wettability  of  a  system  to  determine  if  displace¬ 
ment  efficiency  could  be  improved,.  Distilled  water  was  used 
as  the  dis  pi  acing  phase  and  various  viscosity  oils  were  used 
as  the  displaced  phase,.  The  experimental  data  obtained  was 
correlated  on  the  basis  of  a  scaling  coefficient^^  which 
adequately  describes  the  nature  of  linear  waterfloods. 
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THEORY 


A  theoretical  analysis  of  the  displacement  of 

oil  by  water  was  originally  established  by  Buckley- 
(  3  ) 

Leverett'  «  Their  equations  have  been  assumed  adequate 
for  the  general  solutions  of  oil  recovery  by  waterflood- 
ingo  If,  for  simplicity,  the  gravitational  effects  are 
neglected  and/or  a  horizontal  system  is  considered,  then 
the  fractional  flow  formula  is  as  follows? 


Ko  (dPc) 

fw  =  _ 1  Ho  qt,  (dx  )  .0*00..  (1) 

1  pw 

Po 


where?  fw  = 


Mon  Pw  “ 

*t  - 


X  ~ 


fraction  of  water  flowing  at  any  point 
effective  permeability  to  oil  (darcies) 
relative  permeability  to  oil  and  to  water 
respectively  (md) 

viscosity  to  oil  and  to  water  respectively 
(cp) 

total  flow  rate  (cc/sec) 
capillary  pressure  (atm) 

length  (cm) 


Many  investigators  made  simplifications  to  equa¬ 
tion  1  which  were  not  originally  intended,  such  as  arbi¬ 
trarily  dropping  the  capillary  pressure  term.  This  suggests 
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that  flow  behavior  is  governed  only  by  the  relative  permea- 
bility  and  viscosity  ratios,,  They  attempted  to  justify 
their  disregard  of  the  capillary  pressure  term  by  stating 
that  as  the  flow  rate  is  increased  the  term  becomes  negli¬ 
gible,  However^  as  the  rate  is  increased  the  term  does  not 
become  arbitrarily  small  because  the  saturation  gradient  at 
the  flood  front  approaches  infinity.  Thus  the  ratio  of  the 
saturation  gradient  to  the  rate  is  indeterminate.  The 
capillary  pressure  term  can  be  dropped  only  if  the  saturation 
gradient  approaches  zero  as  it  does  for  high  water  saturations 
for  long  enough  systems. 

Rapoport  and  Leas^24^  extended  the  Buckley-Leverett 
theory  and  presented  a  more  detailed  formulation  of  the  nature 
of  waterflood  behavior.  They  utilized  the  unsteady  state  flow 
equations  and  obtained  a  mathematical  description  of  the 
transient  flow  phenomena  through  a  porous  medium  for  linear 
horizontal  systems.  They  assumed  that  only  oil  and  water 
were  present  and  acting  as  a  totally  incompressible  and  im¬ 
miscible  system.  Gravity  was  also  neglected.  Their  approach 
was  to  consider  infinitesimal  volume  elements. 

The  equations  applicable  ares 


V0  -  ~K  (Kjpjj  <i£o) 
(M©  6  x) 


(2) 
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Vw  =  -K  (K^  4£v) 

(>*w  x)  .  (3) 

pw  =  p0  +  pc  .  (4) 

^  pw  -  ^  Pa  +  ()  Pc  .  (5) 

^  X  ^  X  £  X 

^  <)  STJ  =  <3  Vr>  for  oil  . .  (6) 

&  t  £  x 


nf  <3  Sw  +  3  Vw  =  0  for  water 

at  d  x 


(7) 


where : 


vc,  vw 


Kro*  Krw 


K 

P  P 
ro»  rw 


flow  rat©  per  unit  cross  sectional  area 
for  oil  and  water  respectively  (cm/sec) 
relative  permeability  to  oil  and  to 
water  respectively,  dimensionless  func¬ 
tion  of  saturation  (fraction) 
absolute  permeability  (darcies) 
pressure  in  oil  phase  and  water  phase 
respectively  (atm) 
porosity  (fraction) 
water  saturation  (fraction) 
time  (sec) 
length  (cm) 

Equations  2,  3,  5,  6,  and  7  represents  five  simul¬ 
taneous  equations  defining  the  dependent  variables  VQ> 


0  - 
Sw  - 

t  - 
x  - 


Pw  and  S  in  terms  of  space  and  time  coordinates  x  and  t. 
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The  flow  rate  and  pressure  functions  were  eliminated  by  apply¬ 
ing  boundary  conditions  and  putting  the  expressions  in  dimen¬ 
sionless  form.  The  following  equations  are  derived: 


d  Sw  +  dF 
d  T  dSw 


^ro 


1  + 
k 


where : 


dSv  -  K  1  f  Kro  F  dPc  o>  Sw~ 

&  X  M  LVJ(W  b  X  dSw  £  X 


0  ...  (8) 


_K _ 

LVI(W 

M  - 
L  - 
V  - 


T  - 

X  - 
F  - 


dSw  d  X 


0  at  X  =  0  for  any  T 


...  (9) 


oil-water  viscosity  ratio 
length  of  flooded  system  (cm) 
total  flow  rate  per  unit  cross  sectional 
( cm/ sec) 

tV  dimensionless  time  coordinate 


area 


x/L  dimensionless  space  coordinate 

(1  +  k0  )  function  of  relative  permeabilities 
Mkw 

and  viscosity  ratio. 

All  other  terms  as  defined  previously. 


However,  equations  8  and  9  are  not  subject  to  for¬ 
mal  solution.  Nevertheless,  they  indicate  that  the  linear 
flood  behavior  is  determined  not  only  by  the  nature  of  the 
porous  medium  and  the  fluid  system  (i.e.,  specific  values  of 
porosity,  permeability,  viscosities,  and  definite  relative 
permeability  and  capillary  pressure  functions),  but  also  by 
the  length  of  the  flooded  system  and  the  injection  rate.  A 
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grouping  of  variables  (LVgw)  in  equations  8  and  9  has  been 
defined  as  a  “scaling  coef f icient » ”  A  more  generalized 
form^^  involving  the  water-oil  interfacial  tension  and  the 
contact  angle  has  been  suggested,,  However,  because  of  the 
experimental  difficulties  involved  in  imposing  precise 
variation  on  either  the  interfacial  tension  or  contact 
angle,  consideration  has  been  given  to  only  LV]L|wo  This 
scaling  coefficient  has  been  assumed  to  adequately  describe 
the  nature  of  linear  waterfloods  and  is  conveniently  used  as 
a  basis  for  correlation  purposes.  It  can  be  shown  that  for 
a  given  porous  medium  and  a  given  water-oil  viscosity  ratio, 
all  floods  corresponding  to  the  same  scaling  coefficient 
must  behave  similarly  and  yield  equal  recoveries  for  the 
same  cumulative  injection,.  It  should  be  stressed  that  pre¬ 
liminary  knowledge  of  such  data  a®  capillary  pressure, 
wettability,  interfacial  tension,  viscosities  and  relative 
permeabilities  is  essential  in  the  interpretation  of  the 
water  flood  behavior,, 

Capillary  pressure  is  defined  as  the  difference  in 
pressure  between  a  continuous  oil  phase  and  a  continuous 
water  phase  in  a  porous  medium.  The  displacement  of  oil  by 
water  involves  capillary  forces  in  two  ways^^"*  »  They 
exert  a  controlling  influence  on  the  microscopic  fluid  distri¬ 
bution  which  in  turn  is  reflected  upon  the  macroscopic  flow 
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behavior.  In  the  first  case^  the  magnitude  of  these  forces 
is  governed  by  the  wettability,  the  geometry  of  the  pore 
spaces,  and  the  interfacial  tension*  In  the  latter  case, 
differences  in  saturation  at  the  flood  front  results  in 
capillary  pressure  gradients.  This  causes  water  to  flow 
preferentially  ahead  of  the  flood  front.  Thus  at  low  flow 
rates  in  short  cores,  the  capillary  pressure  gradients  may 
control  the  flooding  behavior.  However,  these  capillary 
pressure  gradients  are  negligible  in  long  homogeneous  sands, 
at  high  rates  in  laboratory  work,  or  at  any  rates  in  labora¬ 
tory  work  as  the  residual  oil  saturation  is  approached. 

Thus,  waterflood  experiments  should  be  compared  at  or  near 
the  residual  oil  saturation  (i.e.,  at  high  WOR). 

Th©  so-called  capillary  end  effect  at  the  efflux 
face  of  a  core  in  a  water-wet  system occurs  because  of 
the  discontinuity  in  capillary  pressure  across  the  boundary 
when  the  flowing  fluids  leave  the  porous  medium.  This  re¬ 
sults  in  an  excessive  water  saturation  at  the  outlet  face 
and  a  delay  in  the  water  breakthrough  time  as  compared  to 
the  time  of  water  arrival  at  the  effluent  end.  Water  will 
not  leave  the  core  when  it  first  reaches  the  outlet  face  but 
will  accumulate  inside  and  only  oil  will  be  produced. 

Figure  1  shows  schematically  the  conditions  existing  in  a 
water-wet  system  when  water  first  reaches  the  outlet  face. 
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a.  Water  Invaded  Pore  at  the  Outlet  Face. 


r 


PRESSURE  IN 
WATER  PHASE 


PRESSURE  IN  OIL  PHASE 


b.  Pressure  Distribution. 


FIG.  I.  CONDITIONS  EXISTING  IN  A  WATER -WET  SYSTEM 
WHEN  WATER  FIRST  REACHES  THE  OUTLET  FACE. 

(FROM  REFERENCE  17.) 
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Figure  la  illustrates  a  water  invaded  pore  at  the  outlet 
face.  The  pressure  on  the  water  side  of  the  interface  is 
lower  than  on  the  oil  side  by  an  amount  equal  to  the  capil¬ 
lary  pressure  (Figure  lb).  Water  will  be  produced  only  when 
sufficient  pressure  has  built  up  in  the  water  phase  to  exceed 
that  of  the  oil  phase.  Figure  2  illustrates  the  saturation 
distribution  and  the  influence  of  water  injection  rates  on 
this  distribution  as  water  first  reaches  the  outlet  face  in 

i 

a  water-wet  system. 

The  saturation  distribution  after  water  arrives  at 
the  outlet  face  in  a  water-wet  system  is  illustrated  in 
Figure  ,  3.  Figure  4  demonstrates  the  corresponding  saturation 
distribution  in  an  oil-wet  system.  It  is  apparent  that  the 
water  saturation  is  much  lower  at  the  outlet  face  in  an  oil- 
wet  system  than  at  the  outlet  face  in  a  water-wet  system. 

Thus,  the  adverse  results  of  the  capillary  end  effects  at  the 
outlet  face  are  less  pronounced  in  an  oil-wet  system.  It  can 
be  expected  that  an  increase  in  oil  saturation  towards  the 
producing  end,  after  oil  is  no  longer  produced,  will  occur 
in  an  oil-wet  system.  This  end  effect  is  decreased  by  an 
increase  in  pressure  gradient. 

Conditions  existing  in  a  water-wet  system  when  water 
production  starts  are  shown  schematically  in  Figure  5. 


11 


X 

I 


Ui 

o 

Z 

s 

</> 


5 


s  -  Noiivanivs  aaivM 


FIG.  2.  INFLUENCE  OF  INJECTION  RATES  ON  THE  SATURATION  DISTRIBUTION  AS 
WATER  REACHES  THE  OUTLET  FACE  IN  A  WATER -WET  SYSTEM. 


2 


o 

E 

CO 


X 


UJ 

o 


CO 

Q 


s  -  Nouvanivs  daivM 


5 

a 

CO 


FIG.  3.  SATURATION  DISTRIBUTION  AFTER  WATER  ARRIVES  AT  THE  OUTLET  FACE 
IN  A  WATER -WET  SYSTEM. 
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FIG.  4.  SATURATION  DISTRIBUTION  AFTER  WATER  ARRIVES  AT  THE  OUTLET  FACE 
IN  AN  OIL -WET  SYSTEM. 
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a.  Water  Invaded  Pore  at  the  Outlet  Face. 


PRESSURE  IN  WATER  PHASE 


PRESSURE  IN  OIL  PHASE 


b.  Pressure  Distribution. 


FIG.  5.  CONDITIONS  EXISTING  IN  A  WATER  -WET  SYSTEM 
WHEN  WATER  PRODUCTION  STARTS. 

(FROM  REFERENCE  17) 
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The  relative  importance  of  the  outlet  end  effect 
will  decrease  as  the  length  of  the  flooded  system,  the  rate 
of  injection,  or  the  fluid  viscosities  are  increased,. 

The  inlet  end  effect  is  a  result  of  spontaneous 
localised  imbibition  •  Immediately  as  the  water  reaches 
the  inlet  face  it  will  imbibe  into  the  core  at  the  points  of 
contact  causing  a  counterflow  of  oil  from  the  core,,  As  the 
flood  progresses,  water  continues  to  enter  the  core  only  in 
a  localized  area  (i„ea,  the  injected  water  covers  only  a 
small  portion  of  the  core  face  near  the  injection  port)„ 

This  aids  to  the  establishment  of  a  region  of  non-linear 
flow*  However,  capillary  forces  within  the  core  tend  to 
distribute  the  injected  water  over  the  cross-sectional  area. 
At  low  injection  rates  these  forces  are  significant  and  they 
prevent  deviation  from  linear  flow„  This  inlet  end  effect 
is  more  pronounced  for  short  systems,  for  high  water  injec¬ 
tion  rates,  and  for  high  oil-water  viscosity  ratios,, 

If  water  tends  to  displace  oil  from  a  rock  surface 
the  rock  is  termed  preferentially  water-wet0  Similarly,  if 
oil  tends  to  displace  the  water,  the  rock  is  termed  preferen 
tially  oil-wet o  The  importance  of  rock  wettability  has  been 
investigated  by  several  authors^’^^9^.  Their  studies 
revealed  that  more  oil  is  recovered  from  water-wet  systems 
in  the  early  flooding  stages  (i0e0  recovery  to  water  break- 
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through)  than  from  oil-wet  systems 0  When  the  rock  is  pre¬ 
ferentially  oil-wet  the  displacing  water  will  invade  the 
more  conductive  portions  first,  resulting  in  lower  displace¬ 
ment  efficiencies^7^,, 

Other  studies (14,18)  suggest  that  oil  recovery  by 
waterflooding  from  cores  of  intermediate  wettability  may  be 
greater  than  the  oil  recovery  from  either  strongly  water-wet 
or  strongly  oil-wet  cores.  Thus,  the  concept  of  wettability 
adjustment  to  improve  oil  displacement  efficiency  is  realised 0 
The  degree  of  wettability  is  essential  in  order  to  perform 
accurate  reservoir  calculations  and  to  predict  waterflood 
performance.  Moreover,  wettability  in  the  displacement  of 
oil  by  water  is  important  in  that  it  determines  the  manner 
in  which  interfacial  tension  and  flood  rate  affect  oil 
recovery . 


The  results  of  waterfloods  performed  in  the  labora¬ 
tories  are  often  inconsistent 0  It  is  suggested  that  these 
inconsistencies  can  often  be  traced  to  changes  in  wettability 
of  the  porous  medium  before  or  during  a  testo 

Recent  investigations  ^5)  indicate  no  change  in 
relative  permeability  to  oil  and  to  water  by  a  change  in  the 
injection  rate.  They  suggest  that  the  reported  sensitivity 
of  relative  permeability  to  rate  was  probably  due  to  the 
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effects  of  fluid  saturation  hysteresis  ©r  of  changes  in 
wettability o 

Heterogeneity  of  the  porous  medium  to  be  flooded 
can  lead  to  considerable  difficulty  in  the  maintenance  of  a 
uniform  flood  front*  As  a  result s  premature  water  break¬ 
through  may  be  realised*  This  leads  to  the  concept  of  vis¬ 
cous  fingeringo  Since  water^  a  less  viscous  fluid,,  is  used 
to  displace  oil,,  a  more  viscous  fluids  the  resulting  dis¬ 
placement  will  suffer  from  viscous  fingering  of  the  low 
viscosity  fluid  into  and  ahead  of  the  high  viscosity  fluid0 
This  of  course  reduces  the  displacement  efficiency,. 

The  higher  the  oil-water  viscosity  ratios  the 
lower  is  the  percentage  of  oil  recovery*  High  oil  viscosi¬ 
ties  tend  to  retard  the  rate  at  which  capillary  forces  can 
deplete  tight  sections  of  a  porous  medium*  Therefore^, 
viscosity  indirectly  affects  recovery  through  the  rate 
factor  o 
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EXPERIMENTAL  APPARATUS ; 

Three  basically  different  cores  were  used  in  the 
laboratory  experiments.  Waterflood  tests  were  performed  on 
a  limestone  core,  on  an  unconsolidated  sand  pack,  and  on  two 
alundum  cores.  Properties  of  these  cores  are  presented  in 
Table  1. 


TABLE  1 


CORE  PROPERTIES 


Core 

Length 

cm 

Diameter 

cm 

Porosity 

% 

Ave.  Water 

Permeability 

md 

Limestone 

A4-28 

17.27 

8.89 

11.36 

1.04 

Unconsolidated 
Sand  Pack 

74.93 

7.62 

34.0 

42,000 

Alundum  A1 

33.81 

2.54 

23.6 

378 

Alundum  A2 

45.56 

2.54 

26.8 

4  80 

The  limestone  core  was  non-homogeneous  and  varia¬ 
tions  of  properties  along  the  core  were  noticeable.  The 
non-uniformity  of  the  limestone  core  should  be  emphasized. 

Distilled  water  was  used  as  the  displacing  phase 
and  four  different  viscosity  oils  were  used  as  the  displaced 
phase.  The  CWO  base  oil  (viscosity  of  1.637  cp  at  76°  F) 
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was  used  in  a  majority  of  the  experiments.  The  waterfloods 
performed  and  the  corresponding  test  conditions  are  shown  in 
Table  2.  Care  was  exercised  to  ensure  that  no  polar  com¬ 
pounds  or  surface  active  agents  were  present.  This  was 
achieved  by  filtering  the  oil  through  silica  gel  prior  to 
conducting  a  test. 

Ottawa  20-40  mesh  sand  was  used  to  form  the  uncon¬ 
solidated  sand  pack.  A  lucite  tube  was  employed  as  a  con¬ 
tainer.  A  porous  bronze  plate  was  inserted  at  each  end  of 
the  pack  to  prevent  any  sand  movement  into  the  injection  and 
discharge  ports  of  the  lucite  flanges. 


The  Swan  Hills  limestone  core  was  mounted  in  5^ 
inch  steel  oil  well  casing  and  sealed  with  an  epoxy  resin 
poured  between  the  inner  wall  of  the  casing  and  the  outer 
circumference  of  the  core.  This  ensured  a  complete  seal  be¬ 
tween  the  casing  and  the  core  and  prevented  any  fluid  by¬ 
passing  or  migrating  from  the  core.  The  fluid  was  thereby 
confined  to  the  pore  space.  The  ends  of  the  core  were  cut, 
ground  and  sanded  flush  with  the  end  of  the  casing.  Care  was 
taken  not  to  contaminate  the  faces  of  the  core.  The  core  was 
then  assembled  between  two  high  pressure  steel  flanges.  The 
portion  of  the  flange  inserts  that  were  in  contact  with  the 
core  faces  were  grooved  concentrically  and  radially  to  enable 
the  injected  fluid  to  cover  a  greater  cross-sectional  area 


Waterfloods  Performed  and  Test  Conditions 


20 


p 

43 

» 

I 

P 

43 

P 

eg 


o 

r-~ 


o 

v© 


0) 

s 

o 

p 

03  00 

<w  cm 

a  9 

•H  T* 

^  < 


p 

I 

P 

0) 

P 

cfl 

:* 


o 


O 

vo 


43 

s 

o 

p 

03  00 
43  CM 

a  i 

•H  ^ 


P 

43 

» 

I 

P 

<0 

P 

eO 

!* 


O 

C'- 


© 

CM 

<r> 


VO 

VO 

00 

• 

0 

• 

o 

o 

rH 

't 

CM 

00 

ID 

fO 

VO 

• 

• 

• 

rH 

rH 

w 

rH 

rH 

•H 

rH 

X 

rH 

43 

4) 

43 

CO 

3  TO 

03 

43 

cO  3 

43 

•H 

3  P 

•H 

P 

co  o 

P 

i 

•H 

rH  O 

O  CO 

w  a* 

£3  -to 
O  4)  TO 
O  P  S3 
3  eO  cO 
X  TO  CO 


P 

a) 

3: 

I 

P 

43 

P 

<0 


P 

a> 

3 

l 

P 

43 

P 

«0 

:* 


p 

a> 

3 

I 

p 

a> 

p 

«o 

3 


P 

4) 

3 

I 

P 

4) 

P 

cO 

:* 


vo 


VO 


VO 

c- 


vo 


a 

3 

TO 

a 


a 

3 

TO 

3 

3 


a 

3 

TO 

3 

3 


a 

3 

TO 

3 

3 


P 

4) 

!* 

I 

P 

43 

P 

cO 

3 


P 

4> 

3 

I 

rH 

•H 

O 


VO 

C- 


VO 

O 


O 

o 

O 

1 

O 

O 

CM 

VO 

H- 

1 

CM 

CM 

rH 

CM 

1 

rH 

rH 

vO 

03 

'O' 

rH 

vO 

rH 

't 

• 

• 

• 

• 

« 

VO 

Tf 

CM 

O 

CM 

CM 

rH 

rH 

rH 

CM 

CM 

CM 

(N 

CM 

CM 

rH 

rH 

00 

00 

00 

00 

vO 

VO 

• 

• 

• 

• 

• 

o 

rH 

rH 

rH 

rH 

vO 

VO 

rH 

rH 

43 

43 

43 

43 

rH 

rH 

03 

03 

03 

03 

•H 

•H 

<0 

CO 

eg 

eg 

fc»H 

CQ 

aa 

CO 

CQ 

© 

O 

O 

o 

© 

O 

bO 

bO 

:* 

:* 

3e 

eg 

eg 

o 

o 

o 

O 

X 

X 

rH 

rH 

rH 

rH 

CM 

CM 

< 

<4 

< 

<! 

< 

a 

3 

TO 

3 

3 


a 

3 

TO 

3 

3 


CQ 


O 


W 


© 


21 


of  the  core.  This  was  done  to  minimize  the  inlet  end  effect. 

The  alundum  cores  were  mounted  in  a  similar  manner 
also  using  the  epoxy  resin.  The  Alundum  A1  core  was  mounted 
in  a  3^  inch  lucite  cylinder.  This  enabled  a  visual  examina¬ 
tion  on  the  durability  of  the  filler  material  during  testing 
operations.  However,  the  use  of  lucite  as  a  casing  limited 
the  range  of  pressures  that  could  be  used.  It  was  unsafe  to 
employ  pressures  higher  than  150  p.s.i.  with  the  lucite 
apparatus.  Since  higher  pressure  drops  would  be  encountered 
by  the  use  of  more  viscous  oils,  the  Alundum  A2  core  was 
mounted  in  3  inch  seamless  pipe  using  steel  flanges.  The 
flanges  were  grooved  as  before. 

Figure  6  is  a  schematic  diagram  of  the  test  appa¬ 
ratus.  A  Ruska  proportioning  displacement  pump  calibrated 
to  0.01  cc  was  used.  Constant  injection  rates  of  2,5  cc/hr 
to  1120  cc/hr  could  be  obtained.  A  constant  temperature  air 
bath  cabinet  was  employed  to  ensure  no  temperature  variation 
during  any  given  test  and  also  to  assist  in  the  various  dry¬ 
ing  operations. 

A  Heise  pressure  gauge  with  a  range  of  0  to  250 
psig  was  used  to  measure  the  upstream  and  downstream  pres¬ 
sures  across  the  high  permeability  cores.  A  0  to  3000  psig 
Heise  gauge  was  used  when  conducting  tests  on  the  limestone 


» 


wg 

UJ 

^  h- 

K- 

^  < 

< 

CO  _J 

3 

3^  CO  3. 

a 

O  UJ  cd\ 

<  v 

<  X  UJ  \ 

x  \ 

CD  X  X  \ 

CD 

r 


©- 


UJ  CO 

cd  x 

X  UJ 

<  Q 

X 

o 

UJ 
CL 


> 

o 


U3 1VM 


“110 


UJ 

cd 

< 

cd 

UJ 

co 

UJ 

x 


3 

3 

O 

% 


-HJ- 


UJ 


UJ 

cd 

x 

< 

x 

o 

UJ 

ct: 


"ti 

-nnsj] 


H 


1 


UJ 
CL 

O  ^ 
o 


% 


Li 


CL 

< 


UJ 

z 

£ 

o 

IT 

0. 


UJ 

z 

< 


UJ 

x 


-++ 


-&4- 


-M- 


UJ 

CD 

O 

CL 


a  a. 

~3  • 


I _ 


l— 

UJ 

z 

GD 

< 

O 

UJ 

CL 

3 

5 

X 

UJ 

X 

UJ 


z 

s 

CO 

z 

o 

o 


“I 


-M- 


-M- 


U31VM 


-n- 


no 


I  k 


■K- 


-M- 


X 

UJ 

h- 

UJ 

2 

O 

z 

< 


X 

o 
9  o 

<t  5 


X 

< 


<  6 


3 

X 


5 

CD 

UJ 

CO 

CO 

< 


3 

X 

< 

CO 

3 

X 


I 

I _ I 


(/) 

ID 

£ 

CC 

2 

0. 

< 


CD 

LU 

I- 

Ll. 

O 


< 

a: 

o 

< 

a 

CD 

CD 


23 


core.  The  pressure  taps  were  placed  approximately  1^  inches 
from  the  injection  and  discharge  ports  to  ensure  accurate 
pressure  readings. 

A  vacuum  line  could  be  hooked  into  the  downstream 
end  of  the  core  for  evacuation  purposes  prior  to  saturation 
operations.  Provision  was  made  for  regulating  and  measuring 
the  core  effluent.  A  back  pressure  regulator,  loaded  from  a 
nitrogen  source,  provided  a  constant  downstream  pressure. 
Graduated  cylinders  of  10  cc  and  25  cc  capacity  were  used  to 
collect  and  measure  the  fluid  production. 

The  apparatus  was  manifolded  so  that  a  number  of 
different  fluids  could  be  flushed  through  the  cores  for  the 
cleaning  and  drying  operations.  All  flow  lines  in  the  sys¬ 
tem  were  constructed  of  l/8  inch  stainless  steel  tubing  and 
fittings . 
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EXPERIMENTAL  PROCEDURE 

Preliminary  tests  on  small  samples  taken  from  the 
cores  to  be  used  showed  a  pronounced  preferential  wettability 
as  evidenced  by  spontaneous  water  imbibition  upon  immersion 
of  oil  saturated  samples  into  water.  Thus  the  cores  were 
assumed  to  be  preferentially  water-wet. 

In  preparation  for  a  displacement  test,  a  core  was 
thoroughly  cleaned  and  dried.  The  core  was  flushed  with 
five  to  six  pore  volumes  of  commercial  n-pentane.  A  quantity 
of  propane  was  then  injected  under  a  tank  pressure  of  about 
140  psig  with  a  back  pressure  of  about  80  psig  being  main¬ 
tained  to  keep  the  propane  as  a  liquid  in  the  core  as  long 
as  possible.  Drying  was  accomplished  by  flowing  air  and 
later,  nitrogen,  through  the  core  for  a  period  of  three  days. 

The  core  was  then  evacuated  and  later,  saturated 
with  distilled  water  (except  for  series  G  waterflood  where 
connate  water  saturation  was  zero  percent)  and  the  porosity 
determined.  The  water  permeability  was  obtained  by  measuring 
the  water  throughput  and  the  time  of  flow  for  various  pres¬ 
sure  drops.  Darcy’s  equation  for  linear  incompressible  flow 
was  then  used  to  calculate  the  water  permeability.  The  form 
of  Darcy’s  equation  is  as  follows? 
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where  s 


k  = 

k  - 
q  - 


u  - 
L  - 
A  - 

Ap  - 


A  A  P 

permeability  (darcies) 
flow  rate  (cc/sec) 
viscosity  (cp) 

length  of  flooded  system  (cm) 
cross-sectional  area  (cm2) 
differential  pressure  (atm) 


The  initial  oil  saturation  and  the  connate  water 
saturation  were  established  by  oil  flooding  the  core  with 
five  to  six  pore  volumes  of  oil.  All  initial  conditions, 
for  a  given  waterflood  series,  were  established  under  iden¬ 
tical  circumstances. 


Waterflood  tests  were  then  performed  at  various 
rates.  After  a  given  test  in  a  series,  the  core  was  again 
flooded  with  five  to  six  pore  volumes  of  oil  in  preparation 
for  the  next  test  (except  in  series  B  and  G  waterfloods). 

The  core  was  cleaned  and  dried  in  between  each  successive 
test  for  series  B  and  G  waterfloods.  This  was  done  in  an 
attempt  to  have  better  control  over  the  establishment  of  the 
connate  water  saturation  in  the  series  B  waterflood.  In  the 
series  G  waterflood,  the  tests  were  conducted  with  a  one- 
hundred  percent  initial  oil  saturation  which  necessitated  the 
removal  of  the  remaining  fluids  in  order  to  prepare  for  the 


next  test 
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A  solution  mixed  in  the  proportion  of  5  cc  linoleic 
acid  and  250  cc  methyl  alcohol  was  injected  into  the  Alundum 
A2  core  and  allowed  to  remain  in  the  core  for  24  hours.  The 
solution  was  flushed  out  of  the  core  by  flooding  with  eight 
pore  volumes  of  water.  This  treatment  changed  the  wettability 
of  the  system  from  water-wet  to  oil-wet  and  thus  established 
a  thin  water  repellent  film  on  the  alundum  surface.  The  de¬ 
gree  of  oil-wettability  was  uncertain.  However,  the  oil  did 
become  the  wetting  phase.  The  series  J  waterflood  tests  were 
then  performed  on  the  core.  The  linoleic  acid-methyl  alcohol 
solution  was  used  instead  of  a  more  stable  treatment  using  a 
silicone  compound.  High  temperatures  of  150°  F  plus,  are 
required  when  treating  with  various  silicone  compounds.  Since 
the  cores  were  mounted  in  an  epoxy  resin,  temperatures  higher 
than  120°  F  could  not  be  tolerated^  otherwise,  failure  in  the 
resin  may  result. 

A  back  pressure  of  approximately  11  psig  was  main¬ 
tained  during  all  flooding  operations.  Also,  throughout  the 
tests,  the  temperature  of  the  cores  was  controlled  thermo¬ 
statically  in  the  air  bath. 

The  recoveries  of  oil  at  water  breakthrough  and  at 
WOR  =  20sl  were  used  with  scaling  coefficient s as  corre¬ 
lating  parameters  in  all  tests. 
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RESULTS  ANT)  DISCUSSION 

Numerous  waterfloods  were  performed  on  the  cores 
at  rates  ranging  from  10  cc/hr  to  840  cc/hr.  The  results 
of  each  series  of  tests  are  presented  in  the  form  of 
correlating  oil  recoveries  to  water  breakthrough  and  to 
WOR  =  20:1  with  scaling  coefficients.  The  parameters  of 
concern  were?  oil  viscosity,  porous  medium,  connate  water 
saturation,  and  wettability.  In  each  series  of  tests,  the 
length  of  system  and  the  four  previously  mentioned  para¬ 
meters  were  constant;  water  injection  rate  was  the  variable. 
In  some  instances  oil  recovery  increased  with  injection 
rate,  but  in  other  cases  oil  recovery  decreased  with  injec¬ 
tion  rate. 

Figure  7  illustrates  the  results  of  the  tests 
conducted  on  the  Limestone  A4-28  core.  Series  A  waterflood 
was  performed  using  an  oil-water  viscosity  ratio  of  1.5 
while  series  B  waterflood  was  performed  using  a  higher  oil- 
water  viscosity  ratio  of  4.38.  The  series  A  waterflood 
exhibited  a  steady  decrease  in  oil  recovery  to  water  break¬ 
through  with  increased  injection  rates.  The  oil  recovery 
to  WOR  =  20:1  increased  slightly,  remained  essentially  con¬ 
stant,  and  then  decreased  slightly  with  increased  injection 
rates.  Subordinate  recoveries  increased  with  rate. 
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Except  for  the  peculiar  behavior  at  the  very  low 
flooding  rates,  the  trend  in  oil  recoveries  of  series  B  water- 
flood  was  similar  to  that  of  series  A  waterflood.  However, 
the  breakthrough  recovery  was  considerably  less  and  the  re¬ 
covery  to  WOR  =  20:1  was  greater  when  performing  tests  with 
the  more  viscous  oil.  The  lower  oil  recovery  to  breakthrough 
with  higher  oil-water  viscosity  ratio  was  expected  and  has 
been  verified  by  other  investigations •  The  higher  the 
oil-water  viscosity  ratio,  the  greater  the  tendency  for 
viscous  fingering  of  the  low  viscosity  water  into  and  ahead 
of  the  high  viscosity  oil.  As  a  result,  earlier  water 
breakthrough  occurred  when  using  more  viscous  oils.  This 
effect  was  more  pronounced  at  higher  rates. 

It  was  suggested  that  the  increased  ultimate  recover¬ 
ies  in  the  floods  conducted  with  the  higher  oil-water  viscosity 
ratio  were  partially  due  to  the  manner  in  which  the  connate 
water  saturation  was  determined.  The  limestone  core  was 
cleaned  and  dried  in  between  each  successive  test  for  the 
series  B  waterflood.  For  the  series  A  waterflood,  the  cora 
was  merely  flooded  with  five  to  six  pore  volumes  of  oil  after 
a  test  in  preparation  for  the  next  test.  It  should  be  pointed 
out  that  unusually  high  connate  water  saturations  of  40.5  per¬ 
cent  prevailed  throughout  the  tests.  It  is  believed  that  the 
heterogeneity  of  the  limestone  system  contributed  to  this 
high  saturation. 
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Small  subordinate  recoveries  at  low  rates  were 
observed  and  were  attributed  to  the  effluent  end  effect. 

This  has  been  verified  by  Kyte  and  Rapoport ) •  Water 
production  was  restricted  for  a  short  period  of  time  at 
the  outlet  face  during  low  rates  of  water  injection  and 
thus  actual  water  breakthrough  occurred  sometime  after  water 
arrival. 


The  effluent  end  effect  occurs  because  of  the  dis¬ 
continuity  in  capillary  pressure  across  the  boundary  when 
the  flowing  fluids  leave  the  core.  An  excessive  water  satu¬ 
ration  at  the  outflow  face  and  a  delay  in  the  water  break¬ 
through  results.  Water  will  not  leave  the  core  when  it 
first  reaches  the  outlet  face  but  will  accumulate  inside 
and  only  oil  will  be  produced.  Water  will  be  produced  only 
when  sufficient  pressure  has  built  up  in  the  water  phase  to 
exceed  that  of  the  oil  phase. 

The  results  of  series  C  and  D  waterfloods  conducted 
on  the  unconsolidated  sand  pack  and  on  the  Alundum  A1  core 
using  oil-water  viscosity  ratios  of  1.5  and  1.82  respective¬ 
ly.,  are  presented  in  Figure  8.  As  was  the  behavior  in  the 
previous  floods^  the  effect  of  injection  rates  was  less 
pronounced  for  oil  recovery  at  WOR  —  20  §  1  than  for  oil 
recovery  water  breakthrough.  However,,  the  oil  recovery  to 
water  breakthrough  curves  exhibited  a  characteristic  ”Sn 
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FIG.  8.  RELATION  BETWEEN  OIL  RECOVERY  AND  SCALING  COEFFICIENT  IN 
HOMOGENEOUS,  PREFERENTIALLY  WATER -WET  SYSTEMS. 
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shaped  behavior.  As  can  be  observed  later,  this  type  of 
curve  was  obtained  for  all  tests  conducted  on  alundum  cores. 

The  initial  decrease  in  the  oil  recovery  to  water 
breakthrough  at  the  lower  injection  rates  was  attributed  to 
the  combined  effect  of  the  capillary  outlet  end  effect  and 
of  the  imbibition  phenomena. 

As  was  previously  discussed,  the  capillary  end 
effect  at  the  outflow  face  of  the  core  resulted  in  a  high 
water  saturation  and  a  delay  in  the  water  breakthrough  time 
compared  to  the  time  of  water  arrival.  This  contributed  to 
the  high  oil  recovery  to  water  breakthrough  at  low  injection 
rates.  As  the  injection  rate  was  increased,  the  water  satu¬ 
ration  at  the  downstream  end  of  the  core  was  reduced  at 
water  breakthrough  as  a  result  of  the  higher  pressure  gradi¬ 
ents.  This  caused  an  earlier  water  breakthrough  and  thus  a 
lower  oil  recovery. 

Flooding  rates  sufficiently  low  permitted  the  imbi¬ 
bition  of  water  into  low  permeability  sections  by  capillary 
forces.  As  the  injection  rate  was  increased  the  effects  of 
imbibition  were  less  pronounced  resulting  in  a  smaller  area 
being  swept  and  thus  contributing  to  lower  oil  recovery. 

The  increased  oil  recovery  to  water  breakthrough 
with  increased  injection  rate  indicates  a  trend  towards 
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stabilization.  In  this  region  the  outlet  end  effects  and  the 
inlet  end  effects  are  minimized. 

The  oil  recovery  to  water  breakthrough  decreased 
sharply  at  very  high  injection  rates  and  was  attributed  par¬ 
tially  to  the  inlet  end  effect  and  partially  to  the  viscous 
fingering  phenomena. 

As  a  result  of  the  inlet  end  effects,  capillary 
forces  within  the  core  tend  to  distribute  the  injected  water 
over  the  ero&a-sectional  area.  At  low  rates  these  forces 
are  significant  and  they  prevent  deviation  from  linear  be¬ 
havior.  However,  at  the  high  rates  these  forces  are  small 
and  non-linear  flow  may  have  occurred.  Thus  the  low  recover¬ 
ies  at  high  rates  may  have  been  due  to  non-linear  flow. 

It  was  felt  that  cores  with  smaller  diameters 
would  minimize  the  inlet  end  effect.  The  alundum  cores 
(2.54  cm  dia.)  had  considerably  smaller  diameters  than  did 
the  unconsolidated  sand  pack  (7.62  cm  dia.)  and  the  limestone 
core  (8.89  cm  dia.)  and  thus,  were  advantageous  to  this  study. 

The  factors  influencing  or  initiating  fingering  are 
the  followings  rock  permeability,  pore  space  geometry,  water 
injection  rate,  and  the  oil-water  viscosity  ratio.  In  a 
waterflood  test  (where  the  oil-water  viscosity  is  greater 
than  unity)  the  resulting  displacement  would  suffer  from 
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viscous  fingering  of  the  lower  viscosity  water  into  and  ahead 
of  the  higher  viscosity  oil.  This,  of  course,  would  reduce 
the  displacement  efficiency. 

The  heterogeneity  of  the  porous  medium  can  lead  to 
considerable  difficulty  in  the  maintenance  of  a  uniform  flood 
front.  Also,  a  variation  in  permeability  in  the  system  would 
contribute  to  the  formation  of  ‘’fingers”.  Although  the  mass 
rate  of  flow  was  constant,  the  velocities  through  the  lower 
permeability  sections  with  smaller  sissed  pore  channels  will 
be  greater.  As  the  water  injection  rate  was  increased,  the 
fingering  phenomena  would  be  more  pronounced. 

The  higher  the  oil-water  viscosity  ratio,  the  greater 
would  b©  the  tendency  for  the  water  to  ’’finger”  ahead  of  the 
oil.  Also,  high  oil  viscosities  tend  to  retard  the  rate  at 
which  capillary  forces  can  deplete  tight  sections  of  the 
porous  medium. 

It  was  observed  that  oil  recoveries  for  the  uncon¬ 
solidated  sand  pack  and  the  alundum  core  were  in  the  same 
order  of  magnitude  while  the  oil  recoveries  for  the  limestone 
core  were  considerably  lower  (at  similar  oil-water  viscosity 
ratios).  The  latter  case  was  as  low  as  one-third  the  oil 
recovery  as  in  the  former  case.  This  may  be  expected  since 
waterflood  behavior  is  also  a  function  of  the  nature  of  the 
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porous  medium*  In  the  first  case  the  unconsolidated  sand 
pack  and  the  alundum  core  were  essentially  homogeneous  sys- 
temSj  while  in  the  latter  case  the  limestone  core  was  a 
heterogeneous  system* 

Figures  9  and  10  demonstrate  the  influence  of  con¬ 
nate  water  saturations  on  oil  recovery  to  water  breakthrough 
and  on  oil  recovery  to  WQR  «  20sl  respectively*  Tests  per¬ 
formed  in  waterflood  series  I)5  Es  Fs  and  G  differ  only  in 
regard  to  the  connate  water  saturation  present  (see  Table  2), 

It  was  believed  that  the  connate  water  saturation 
was  mobile  in  the  series  D  waterflood*  This  concept  would 
contribute  to  the  early  water  breakthrough  at  the  higher 
rates5  resulting  in  a  lower  oil  recovery  to  water  breakthrough 
as  compared  to  oil  recovery  to  WOR  s=  20sl«  An  attempt  was 
made  to  decrease  the  connate  water  saturation  for  the  next 
series  of  tests*  It  was  found  that  the  technique  of  altering 
the  oil  flooding  rates  at  which  the  connate  water  saturation 
was  determined  would  decrease  this  saturation  slightly*  Tests 
performed  at  the  successively  lower  connate  water  saturations 
experienced  greater  oil  recovery  to  water  breakthrough  while 
the  oil  recovery  to  WOR  =  20sl  remained  essentially  the  same* 
The  effect  of  connate  water  saturation  on  oil  recovery  in 
these  results  may  have  been  due  to  the  influence  of  the  ini¬ 
tial  saturation  distribution* 
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SCALING  COEFFICIENT  LVp«  -  cm2cp/min 

FIG.  9.  RELATION  BETWEEN  OIL  RECOVERY  TO  WATER  BREAKTHROUGH  AND 

SCALING  COEFFICIENT  WITH  CONNATE  WATER  SATURATION  AS  PARAMETER. 
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FIG.  10.  RELATION  BETWEEN  OIL  RECOVERY  TO  W0R  =  20:I  AND  SCALING 

COEFFICIENT  WITH  CONNATE  WATER  SATURATION  AS  PARAMETER. 
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It  was  suggested  that  prior  to  a  waterflood  test, 
the  core  should  be  alternately  flooded  with  water  and  with 
oil  to  bring  about  stable  equilibrium  conditions.  The  test 
should  be  conducted  only  after  constant  values  have  been 
achieved  for  residual  oil  saturation  and  for  connate  water 
saturation.  It  was  felt  that  this  procedure  would  partially 
overcome  the  influence  of  the  initial  saturation  distribution 
on  oil  recovery.  The  manner  in  which  the  connate  water  was 
established  is  of  the  utmost  importance  in  the  correct  inter¬ 
pretation  of  laboratory  waterfloods. 

Series  G  waterflood  was  conducted  using  a  sero  per¬ 
cent  connate  water  saturation!  or  in  other  words,  a  one- 
hundred  percent  oil  saturation  prior  to  each  flood.  The 
results  indicated  a  more  stabilized  behavior  for  both  the 
oil  recovery  to  water  breakthrough  and  for  the  oil  recovery 
to  WOR  as  20sl.  Moreover,  the  subordinate  recovery  was  essen¬ 
tially  negligible  and  contributed  only  a  one  percent  increase 
of  the  initial  oil  in  place  towards  the  ultimate  production. 
High  water-oil  ratios  resulted  immediately  after  water  break¬ 
through. 

Figure  11  illustrates  the  effect  of  oil-water  vis¬ 
cosity  ratio  change  on  oil  recovery  in  an  alundum,  preferen¬ 
tially  water-wet  system.  Series  J)  waterflood  was  performed 
using  an  oil-water  viscosity  ratio  of  1.82  while  series  H 
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FIG.  II.  THE  EFFECT  OF  OIL -WATER  VISCOSITY  RATIO  ON  OIL  RECOVERY  IN  A 
HOMOGENEOUS,  PREFERENTIALLY  WATER  -WET  SYSTEM. 
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waterflood  was  performed  using  a  higher  oil-water  viscosity 
ratio  of  6.61# 

The  oil  recovery  curves  exhibited  a  similar  charac¬ 
teristic  nSn  shaped  behavior  as  in  previous  tests.  As  pre¬ 
dicted  by  theoretical  considerations,  earlier  water  break¬ 
through  occurred  when  using  the  more  viscous  oil^>^®^.  Also, 
this  effect  was  more  pronounced  at  the  higher  injection  rates. 
The  effect  of  the  oil-water  viscosity  ratios  on  the  oil 
recovery  to  WOR  =  20:1  was  essentially  negligible. 

The  small  subordinate  recoveries  experienced  at  low 
rates  were  again  attributed  to  the  effluent  end  effect.  The 
oil  recoveries  decreased  at  the  high  injection  rates  and  were 
again  considered  to  have  been  the  combined  result  of  the 
inlet  end  effect  and  of  the  viscous  fingering  phenomena. 

A  treatment  was  incorporated  to  change  the  wetta¬ 
bility  of  the  alundum  system  from  water-wet  (hydrophilic)  to 
oil-wet  (hydrophobic)  conditions.  It  should  be  pointed  out 
that  the  degree  of  oil-wettness  was  uncertain.  However,  the 
oil  did  become  the  wetting  phase. 

Figure  12  illustrates  the  effect  of  wettability 
reversal  on  the  oil  recovery  in  an  alundum  core.  The  results 
indicated  that  lower  ultimate  recovery  would  be  obtained  in 
an  oil-wet  system  rather  than  in  a  water-wet  system.  The 
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FIG.  12.  RELATION  BETWEEN  OIL  RECOVERY  AND  SCALING  COEFFICIENT  IN  ALUN 
FOR  OIL-WET  AND  WATER  -WET  CONDITIONS. 
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difference  was  as  much  as  ten  percent  of  the  initial  oil  in 
place.  The  oil  recovery  to  water  breakthrough  remained  es¬ 
sentially  the  same  for  the  two  systems  except  at  very  low 
injection  rates  where  the  oil-wet  system  experienced  lower 
oil  recovery.  These  results  have  been  supported  by  other 
investigations  ^ , 

The  large  subordinate  oil  production  experienced 
in  both  cases  was  expected.  Since  the  tests  were  performed 
using  a  high  oil-water  viscosity  ratio,  early  breakthrough 
and  significant  subordinate  oil  production  would  occur^^^. 
Low  oil  recoveries  at  high  injection  rates  prevailed  and  were 
attributed  to  the  combined  result  of  the  inlet  end  effect  and 
of  the  viscous  fingering  phenomena. 

Based  upon  all  the  waterflood  tests  performed, 
experimental  evidence  seemed  to  indicate  that  the  capillary 
end  effects  at  the  outlet  face  influenced  the  flooding  beha¬ 
vior.  These  effects  were  found  to  be  less  pronounced  at 
higher  water  injection  rates.  This  was  due  to  the  fact  that 
the  water  saturation  gradient  at  the  downstream  end  of  the 
core  was  reduced  at  water  breakthrough  as  a  result  of  the 
higher  pressure  gradients. 

It  was  observed  that  oil  recovery  decreased  at  high 
rates  in  all  tests.  This  behavior  was  believed  to  be  the 
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combined  result  of  the  inlet  end  effects  and  of  the  viscous 
fingering  phenomena.  Although  at  high  rates  the  oil  recovery 
should  increase  because  of  the  stabilization  process,  it 
would  decrease  because  of  viscous  fingering.  A  flood  may 
be  stabilized  when  the  capillary  pressure  gradient  in  the 
direction  of  flow  is  small  compared  to  the  imposed  pressure 
gradient. 

The  possibility  of  turbulence  and  inertial  effects 
influencing  flow  behavior  in  limestone  cores  should  be  ex¬ 
amined.  Although  there  was  a  constant  mass  rate  of  flow  into 
cores,  the  velocities  may  have  been  different,  i.e.:  in  a 
heterogeneous  system  the  flow  paths  are  very  irregular. 
Therefore,  the  inertial  effects  may  have  been  quite  appre¬ 
ciable.  Conditions  are  much  more  favorable  for  turbulent 
flow  in  heterogeneous  limestone  systems than  in  homo¬ 
geneous  sandstone  systems.  This  is  a  result  of  the  wide 
variation  in  the  size,  shape,  and  distribution  of  the  pores 
and  rough,  irregular  pore  surfaces  in  a  limestone  type  system. 

The  relation  between  the  cumulative  oil  recovery 
and  the  pore  volumes  of  water  injected  for  waterfloods  con¬ 
ducted  on  the  alundum  cores  was  demonstrated  in  Figures  1-B, 
2-B,  3-B,  4-B,  5-B,  and  6-B  in  appendix  B.  The  curves  gave 
an  indication  of  the  subordinate  oil  recovery  and  the  extent 
of  the  water-oil  ratios  for  the  corresponding  tests. 
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Figure  7-B  (in  appendix  B)  illustrates  the  change 
in  differential  pressure  as  a  flood  progresses  through  the 
alundura  core.  The  shape  of  this  curve  is  typical  for  all 
tests.  The  reason  for  the  initial  increase  in  pressure  as 
water  advances  in  the  core  was  due  to  the  fact  that  the  core 
was  at  a  lower  pressure  than  the  injection  pressure.  The  re¬ 
sulting  decrease  in  pressure  was  attributed  to  the  more 
favorable  relative  permeability  to  water  as  the  water  satur 
ration  increased. 

The  following  tests  were  performed  to  obtain  a 
qualitative  order  of  magnitude  of  the  capillary  pressure  and 
the  water-oil  relative  permeability  ratio  characteristics  of 
the  Alundura  A1  core. 

A  capillary  pressure  characterization  curve  was 
determined.  The  data  was  obtained  by  employing  the  mercury 
injection  method^?)  and  the  results  correlated  to  Leverettfs 
J-Function  (see  Tables  10-A,  11-A).  Figure  13  shows  the 
experimental  curve  for  alundum  compared  to  LeverettTs  curve 
for  alundum.  For  a  given  wetting  phase  saturation,  the 
experimental  curve  has  lower  J-Function  values  than  Leverett’s 
curve.  The  difference  in  agreement  was  approximately  twenty 
per  cent. 

A  calculation  by  the  unsteady  state  method was 
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CAPILLARY  PRESSURE  FUNCTION  -  J  =  (PC/6)(K /<|» 
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FIG.  13.  CAPILLARY  PRESSURE  RESULTS  COMPARED  TO  LEVERETT'S 
J  -  FUNCTION  FOR  ALUNDUM  CORE  Al. 
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performed  to  obtain  the  water-oil  relative  permeability  ratio 
curve  (see  Table  12-A).  Figure  14  illustrates  the  experi¬ 
mental  curve  for  alundum  compared  to  Calhoun’s^)  curve  for  a 
typical  consolidated  sandstone  system.  The  curves  were  in 
agreement  down  to  a  water  saturation  of  sixty  percent.  Below 
this  saturation,  the  experimental  curve  deviated  from  Cal¬ 
houn’s  curve.  This  resulted  in  experimental  water-oil 
relative  permeability  ratios  in  excess  of  three  hundred  per¬ 
cent  greater  than  the  corresponding  values  from  Calhoun’s 
curve. 
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PRACTICAL  APPLICABILITY 

It  should  be  possible  to  evaluate  the  waterflooding 
susceptibility  of  a  given  reservoir  material  by  laboratory 
model  flow  tests.  Moreover,  these  studies,  if  carefully  con¬ 
ducted,  can  be  used  for  field  performance  predictions  with 
assurance  as  to  accuracy. 

The  present  results  indicate  that  improved  oil  re¬ 
covery  may  be  realized  by  incorporating  a  wetting  change  from 
oil -wet  to  water-wet  conditions  in  an  oil-wet  reservoir. 

Also,  it  seems  possible  that  such  a  wettability  change  could 
improve  the  over-all  sweep  efficiency  by  increasing  capillary 
attraction  for  the  invading  water. 

The  influence  of  heterogeneities  on  the  flooding 
behavior  of  a  reservoir  can  be  deduced  from  flow  studies  in 
the  laboratory.  It  is  important  to  have  the  water  advancing 
at  such  a  rate  that  it  penetrates  and  expels  oil  from  the 
tight  sections  as  well  as  the  more  permeable  sections.  Thus, 
the  highest  injection  rates  are  not  necessarily  the  most 
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SUMMARY  AND  CONCLUSIONS 

Accounting  for  experimental  oddities  in  determining 
the  floodability  of  specific  reservoir  rocks  has  not  been 
adequately  considered  by  the  practicing  engineer.  The  prin= 
ciple  barrier  to  generalizations  from  laboratory  model  studies 
has  been  the  lack  of  control  over  certain  variables  which 
greatly  influence  waterflood  behavior*  There  is  a  need  for 
differentiating  between  the  in  situ  characteristics  of  water- 
oil  displacement  inside  the  porous  rock  and  the  secondary 
end  effects* 

Based  upon  the  results  obtained  the  following  obser¬ 
vations  have  been  mades 

1.  Before  utilizing  laboratory  results  for  field  evaluations*, 
consideration  must  be  given  to  the  stabilization  process 
and  to  the  inlet  and  outlet  end  effects. 

2.  Long  cores  should  be  used  where  at  all  possible  in  studies 
to  ensure  stabilized  conditions  and  to  minimize  the  ''end'* 
effect  s . 

3.  The  scaling  coefficient  (LVl|w)  can  be  conveniently  used 
as  a  basis  for  correlation  of  waterflood  recoveries  if 
wettability  conditions  are  constant  for  the  porous  medium 
under  consideration.  However*,  the  utilization  of  the 
coefficient  for  correlation  of  results  in  limestone  sys¬ 
tems  should  be  modified  to  account  for  the  heterogeneity 
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of  the  system. 

4.  Laboratory  floods  should  be  compared  at  high  water-oil 
ratios  and  at  high  rates  where  stabilization  conditions 
exist  and  the  secondary  end  effects  are  less  pronounced. 

5.  Reversing  the  wettability  of  a  homogeneous  system  from 
water-wet  to  oil-wet  will  result  in  a  decrease  in  ulti¬ 
mate  oil  recovery. 

6.  Lower  oil  recovery  to  water  breakthrough  will  result  when 
using  more  viscous  oil  for  a  flood. 

7.  Increased  displacement  efficiencies  and  a  more  stabilized 
behavior  will  result  when  using  no  connate  water  satura¬ 


tion  for  a  flood. 


:  - 


■ 
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RECOMMENDATIONS 

Further  investigation  into  the  factors  which  in¬ 
fluence  oil  recovery  by  waterflooding  is  necessary  before 
laboratory  results  can  be  applied  to  field  performance  pre¬ 
dictions  with  assurance  as  to  accuracy. 

It  was  felt  that  some  of  the  inconsistencies  in 
the  laboratory  results  were  due  to  experimental  technique. 

A  better  procedure  for  cleaning  the  cores  and  establishing 
a  connate  water  saturation  should  be  investigated.  Such 
concepts  as  changing  the  direction  of  flow  and  using  verti¬ 
cal  flow  may  be  employed.  Poor  laboratory  technique  may 
result  in  a  mobile  connate  water  saturation  and/or  a  change 
in  wettability  of  the  porous  medium  during  a  series  of  tests. 

A  method  of  alternately  flooding  the  core  with  water  and 
with  oil  to  bring  about  stable  equilibrium  conditions  prior 
to  conducting  a  waterflood  test  should  be  employed.  It  was 
believed  that  this  procedure  would  enable  a  reliable  connate 
water  saturation  to  be  established. 

Additional  tests  should  be  performed  using  oil-water 
viscosity  ratios  of  less  than  unity  to  give  a  more  complete 
knowledge  of  waterflood  behavior.  Also;  it  should  be  possible 
to  obtain  a  better  understanding  of  the  fingering  phenomena 
and  to  determine  if  fingering  actually  occurs  at  these  condi¬ 


tions  • 
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A  brine  should  be  used  as  the  displacing  phase  in 
waterfloods  rather  than  distilled  water.  It  was  suggested 
that  distilled  water  may  decrease  the  permeability  of  some 
systems . 


The  concept  of  improving  the  oil  displacement  effi¬ 
ciency  by  wettability  adjustment  should  be  examined  more 
thoroughly.  It  was  suggested  that  a  system  of  neutral  wet¬ 
tability  would  yield  higher  oil  recoveries  than  a  strongly 
water  wet  system. 
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NOMENCLATURE 

fv 

>*o 

- 

qt 

X  - 

ho#  — 

Kro t  Krw  - 

Ko 

K 

t 

f 

A 

Sw 

SCw 

V 

v0 

Vw 


fraction  of  water  flowing  at  any  point 

oil  viscosity  (cp) 

water  viscosity  (cp) 

total  flow  rate  (cc/sec) 

length  (cm) 

relative  permeabilities  to  oil  and  water  respec 
tively  (md) 

relative  permeabilities  to  oil  and  water  respec 
tively,  dimensionless  function  of  saturation 
(fraction) 

effective  permeability  to  oil  (darcies) 
absolute  permeability  (darcies) 
time  (sec) 
porosity 

cross  sectional  area  (cm^) 

water  saturation  (fraction) 

connate  water  saturation  (fraction) 

total  flow  rate  per  unit  cross  sectional  area 

(cm/sec) 

oil  flow  rate  per  unit  cross  sectional  area 
(cm/ sec) 

water  flow  rate  per  unit  cross  sectional  area 
(cm/sec) 
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NOMENCLATURE  (CONTINUED) 


Pc 

Po 

Pw 

L 

T 

X 

M 

F 


LVjqw 

AP 

PV 

IOIP 

^r 

WOR 


-  capillary  pressure  (atm) 

-  pressure  in  oil  phase  (atm) 

-  pressure  in  water  phase  (atm) 

-  length  of  flooded  system  (cm) 


dimensionless 


dimensionless 


time 

space 


coordinate 

coordinate 


-  Mo/ww  -=  oil  water  viscosity  ratio 

-  (1  +  ^  ^  function  of  relative  permeabilities 

and  viscosity  ratio 

-  scaling  coefficient  ( cm2cp ) 

min 

-  differential  pressure  (psig) 

-  pore  volume  (percent) 

-  initial  oil  in  place  (percent) 

-  surface  tension  (dynes/cm) 

-  watbr-oil  ratio 
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APPENDIX  A 


A  1 


TABLE  1-A 

Series  A  Waterfloods 

Summary  of  Oil  Recoveries  in  Limestone  Core 

for  Various  Water  Injection  Rates, 
Water-Wet  System  M  =  1,5  Scw  =  40,5% 


Oil  Oil 

Recovery  Recovery 

Injection  LVuw  to  Water  to  WOR  = 

Test  Rate  cm2cp  Breakthrough  20  si 

No.  cc/hr.  min  %  IOIP  %  IOIP 


1 

2 

3 

4 


10 

0.045 

50 

0.229 

160 

0.726 

320 

1.451 

480 

2.177 

35.2 

43.2 

30.3 

45.8 

18.3 

46.6 

16.8 

45.7 

14.1 

45.7 

5 


A  2 


TABLE  2 -A 


Series  B  Waterflood: 


Water-Wet  System 


M  =  4  o  38 


'cw 


40  .  5% 


Oil  Oil 

Recovery  Recovery 

Injection  LVhw  to  Water  to  WOR  = 

Test  Rate  cm2ct)  Breakthrough  20  si 

No.  cc/hr.  “min  %  IOIP  %  IOIP 


2.5 

0.0113 

14.8 

65 

20 

0.091 

13.3 

58 

60 

0.272 

16.4 

62 

120 

0.544 

12.7 

65 

200 

0.908 

10.7 

64 

5 


. 


■ 

A  3 


TABLE  3 -A 


Series  C  Waterfloods 


Summary  of  Oil  Recoveries  in  Unconsolidated  Sand  Pack 
for  Various  Water  Injection  Rates0 
Water-Wet  System  M~  1.5  Scs  =  21.8$ 


Injection  LVj*w 
Test  Rate  cm* 1 2 3 4 5 6co 

No.  cc/hr.  ” min 

1  10  0.268 

2  40  1.074 

3  100  2.68 

4  200  5.37 

5  320  8.59 

6  560  15.03 

840  22.54 


Oil 

Recovery 
to  Water 
Breakthrough 
$  IOIP 

Oil 

Recovery 
to  WOR  = 
20  si 
%  IOIP 

52.8 

60.6 

49.8 

62.5 

52.3 

61.5 

55.0 

61.8 

55.3 

61.9 

52.6 

60.3 

46.3 

59.6 

7 


A  4 


TABLE  4-A 


Series  D  Waterfloods 

Sunmiary  of  Oil  Recoveries  in  Alundum  A1  Core 
for  Various  Water  Injection  Rates0 
Water-Wet  System  M  1.82  Scw  =  15.46% 


Injection  LV**W 

Test  Rate  cm2cp 

No.  cc/hr .  min 


Oil  Oil 

Recovery  Recovery 

to  Water  to  WOR  = 

Breakthrough  20  si 
%  I0IP  %  IOIP 


1 

2 

3 

4 

5 

6 

7 

8 


10 

1.0 

63.55 

63.84 

20 

2.0 

61.80 

62.39 

40 

4.01 

58.01 

60.05 

60 

6.01 

51.76 

60.15 

100 

10.01 

46.40 

58.44 

160 

16.01 

42.94 

56.76 

240 

24.01 

48.53 

57.94 

320 

32.01 

47.28 

57.30 

400 

40.02 

34.40 

52.48 
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A  5 


TABLE  5-A 

Series  E  Waterfloods 

Summary  of  Oil  Recoveries  in  Alupdum  A1  Core 
for  Various  Water  Injection  Rates,, 
Water-Wet  System  M  =  1.82  Scw  =  14a19% 


Test 

No. 

Injection 
Rate 
cc/hr . 

LVaw 

cm^cp 

mm 

Oil 

Recovery 
to  Water 
Breakthrough 
%  I0IP 

Oil 

Recovery 
to  W0R  = 
20  s  1 
%  I0IP 

1 

100 

10o0 

49.27 

57.34 

2 

160 

16  o01 

48.12 

57.93 

3 

240 

24.01 

53.89 

57.64 

4 

320 

32.01 

54.73 

57.88 

A  6 


TABLE  6 -A 

Series  F  Waterfloods 

Summary  o£  Oil  Recoveries  in  Aluadum  A1  Core 

i 

for  Various  Water  Injection  Rates. 
Water-Wet  System  M  =  1082  Scw  =  12.6% 


Test 

No. 

Injection 
Rate 
cc/hr . 

LVww 

cm- cp 
min 

Oil 

Recovery 
to  Water 
Breakthrough 
%  I0IP 

Oil 

Recovery 

1 0  WOR  as 

20  si 
%  IOIP 

1 

100 

10.0 

59.94 

59.94 

2 

160 

16.01 

57.79 

60.62 

3 

240 

24.01 

57.71 

58.64 

4 

320 

32.01 

57.22 

58.64 

A  7 


TABLE  7 -A 

Series  G  Waterflood; 

Summary  of  Oil  Recoveries  in  Alundum  A1  Core 
for  Various  Water  Injection  Rates, 
Water-Wet  System  M  =  1.82  Scw  =  0 % 


Test 

No. 

Injection 
Rate 
cc/hr . 

LVMw 

cm^cD 

min 

Oil 

Recovery 
to  Water 
Breakthrough 
%  I0IP 

Oil 

Recovery 
to  WOR  = 
20  %  1 
%  IOIP 

1 

10 

1.0 

71.61 

72.84 

2 

40 

4.0 

68.8 

69.6 

3 

120 

12.01 

66.0 

66.2 

4 

240 

24.01 

67.5 

67.92 

5 

320 

32.01 

65.42 

66.46 

6 

480 

48.02 

65.23 

66.04 

A  8 


TABLE  8-A 

Series  H  Waterfloods 

Summary  of  Oil  Recoveries  in  Alundum  Core  A2 
for  Various  Water  Injection  Rates. 
Water-Wet  System  M  =  6C61  Scw  =  22.1% 


Oil  Oil 

Recovery  Recovery 

Injection  LVa*w  to  Water  to  WOR  = 

Test  Rate  cm2cp  Breakthrough  20  si 

Noo  cc/hr *  min  %  I0IP  %  IOIP 


1 

2 

3 

4 


40 

Cn 

o 

48<,  31 

63.02 

80 

10  o  8 

41  o  65 

59.17 

120 

16  o  2 

36.28 

55.25 

200 

27  o0 

38.14 

55.05 

320 

43,2 

35.25 

42.6 

5 
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TABLE  9 -A 


Series  J  Waterfloods 


for  Various  Water  Injection  Rates. 
Oil-Wet  System  M  —  6  061  Scw  s=  22„A% 


Oil  Oil 

Recovery  Recovery 

Injection  LV;i|  to  Water  to  WOR  = 

Test  Rate  cm1 2 3 4co  Breakthrough  20  si 

No.  cc/hr  "IHn  %  I0IP  $  I0IP 


1 

2 

3 

4 


40 

5  o  4 

42  o  53 

53  o  53 

80 

10  o  8 

39  o  5 

49  o  79 

120 

16  „  2 

3  8  o  8  7 

47  o  90 

200 

27 .0 

3  8  o  5  9 

47 » 71 

320 

4  3  o  2 

34  o  64 

43  o  56 

5 


• 

A  10 


TABLE  10-A 


Le-yerettqs  J-Function; 


Calculation  of  the  Constant 


for  the  Alundum  A1  Core 


Pc 

^r 


(K) 


K,,  $$  T  are  constant 


K  as  378  md  (  see  Table  1) 


378 
lo013  x  10- 


372  x  10”11  cm2 


$  ss  0.236 


g  —  48o  dynes/cm 


Pc  ”  dynes/cm 


i2 


Pc  (372  x  10~11)g 

480  (  0  o  236  ) 


(2.615  x  10“7)  Pc 


A  11 


TABLE  11-A 


into  the  J°Function 


(1) 

(2) 

(3) 

(4) 

PSIA 

Capillary 

Pressure 

Dynes/ 
cm2x  ICr 

Saturation 
of  .Wetting 
Phase 
% 

J-Function  _ 

(2)  x  2.615  x  10^ 

13.6 

93.8 

97.6 

0.245 

16.6 

114.5 

61 

0.299 

20.6 

163 

36 

0.426 

35.6 

245.2 

22 

0.642 

54.6 

376 

17 

0.984 

75.6 

522 

16 

1.365 

113.6 

784 

15.4 

2.05 

207.6 

1430 

14.8 

3.74 

528.6 

3640 

14 

9.52 

*  Capillary  Pressure  data  obtained  by  employing  the 
Mercury  Injection  Method,, 


' 
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INJECTED. 
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TABLE  1-B 

Production  History:  Series  1)  Waterflood.  Test  1 

Injection  Rate  =  10  cc/hr. 


Cum.  Oil 
Production 
cc  %I0IP 


2.0 

4.0 

6.0 

8.0 

10.0 

12.0 

14.0 

16.0 

18.0 

20.0 

21.8 

21.9 

21.9 

21.9 


5.83 
11.66 
17.49 
23.32 
29.15 
34.99 
40.81 
46 . 64 
52.97 
5  8.30 
63.55 
63.84 
63.84 
63.84 


Cum.  Water  Water 
Production  Injected  Inst, 
cc  WOR 


4.94 

9.88 

14.81 
19.75 
24.69 
29.63 
34.57 
39.51 
44.44 
49.38 

53.82 

58.7 

63.7 
71.3 


1.9 

3.9 

6.9 


19:1 


CP 

PSIG 

6.7 

6.5 

5.5 
5.2 
5.0 

4.8 
4.7 
4.7 
4.7 
4.7 
4.7 
4.7 
4.7 
4.7 
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TABLE  2-B 


Production  History;  Series  1)  Waterflood.  Test  2 

Injection  Rate  b  20  cc/hr. 


Cum.  Oil 

Production 

cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst . 
WOR 

PSIG 

2.0 

5.83 

4.94 

10.7 

4.0 

11.66 

9.88 

9.0 

6.0 

17.49 

14.81 

8.5 

8.0 

23.32 

19.75 

8.3 

10.0 

29.15 

24.69 

8.3 

12.0 

34.99 

29.63 

8.3 

14.0 

40.81 

34.57 

8.4 

16.0 

46.64 

39.51 

8.5 

18.0 

52.47 

44.44 

8.5 

20.0 

58.30 

49.38 

8.5 

21.2 

61.80 

52.34 

8.3 

21.4 

62.39 

1.8 

57.3 

9 1 1 

8.3 

21.4 

62.39 

3.8 

62.2 

8.2 

21.4 

62.39 

5.6 

66.6 

8.2 
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TABLE  3-B 

Production  History:  Series  1)  Waterflood.  Test  3 

Injection  Rate  =  40  cc/hr. 


Cum.  Oil 

Production 

cc  %  IOIP 

Cum.  Water  Water 
Production  Injected 
cc  %  PV 

Inst. 

WOR 

A? 

PSIG 

2.0 

5.83 

4.94 

17.2 

4.0 

11.66 

9.88 

17.0 

6.0 

17.49 

14.81 

16.3 

8.0 

23.32 

19.75 

16.2 

10.0 

29.15 

24.69 

16.1 

12.0 

34.99 

29.63 

16.0 

14.0 

40.81 

34.57 

16.0 

16.0 

46.64 

39.51 

15.8 

18.0 

52.47 

44.44 

15.8 

19.9 

58.01 

49.13 

15.7 

20.4 

59.47 

1. 

5 

54.2 

3  s  1 

15.6 

20.6 

60.05 

3. 

3 

59.1 

9  §  1 

15.6 

20.6 

60.05 

5. 

4 

64.2 

15.6 
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TABLE  4-B 


Production  History;  Series  1)  Waterfloods  Test  4 

Injection  Rate  «  60  cc/hr. 


Cum,  Oil 

Production 

cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst  • 

WOR 

AP 

PSIG 

2.0 

5.88 

4.94 

39.5 

4.0 

11.76 

9.88 

38.5 

6.0 

17.65 

14.81 

37.0 

8.0 

23.53 

19.75 

35.4 

10.0 

29.41 

24.69 

33.4 

12.0 

35.29 

29.63 

31.5 

14.0 

41.18 

34.57 

29.3 

16.0 

47.06 

39.51 

27.5 

17.6 

51.76 

43.46 

26.2 

18.0 

52.94 

0.6 

45.9 

1.5:1 

25.2 

18.6 

54.71 

1.6 

49.8 

1.67:1 

24.0 

18.9 

55.59 

3.2 

54.6 

5.34:1 

22.7 

19.3 

56.76 

4.7 

59.2 

3.75:1 

21.7 

19.5 

57.35 

6.6 

64.4 

9.5  : 1 

20.8 

19.8 

58.24 

8.3 

69.4 

5.66:1 

20.2 

20.0 

58.8 

10.7 

75.7 

12.00:1 

19.5 

20.1 

59.12 

13.7 

83.5 

30.00:1 

18.7 

20.4 

60.0 

17.6 

93.7 

13.3  : 1 

18.2 

20.45 

60.15 

22.6 

107.0 

100.00:1 

18.0 

20.45 

60.15 

25.8 

114.0 

oO 

18.0 
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TABLE  5-B 


Production  History;  Series  T)  Waterfloods  Test  5 

Injection  Rate  =  100  cc/hr 


Cum.  Oil 

Production 
cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst  • 

WOR 

AP 

PSXG 

2.0 

5.87 

4.94 

65.0 

4.0 

11.75 

9.88 

77.0 

6.0 

17.62 

14.81 

83.5 

8.0 

23.49 

19.75 

86.7 

10.0 

29.37 

24.69 

85.7 

12.0 

35.24 

29.63 

81.7 

14.0 

41.12 

34.57 

78.0 

15.8 

46.40 

39.01 

75.0 

17.0 

49.93 

0.8 

43.9 

0.67:1 

69.5 

17.4 

51.10 

1.4 

46.4 

1.5  : 1 

66.0 

17.8 

52.28 

2.0 

48.8 

1.5  :1 

62.0 

18.6 

54.63 

3.2 

53.8 

1.5  : 1 

58.0 

19.2 

56.39 

5.6 

61.3 

4.00:1 

52.2 

19.4 

56.98 

7.6 

66.6 

10.00:1 

49.0 

19.7 

57.86 

11.3 

76.5 

12.3  : 1 

44.2 

19.8 

58.15 

13.2 

81.4 

19.00:1 

41.2 

19.9 

58.44 

15.1 

86.4 

19.00:1 

40.5 

19.9 

58.44 

16.1 

89.0 

40.5 
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TABLE  6-B 


Production  History;  Series  J)  Waterflood.  Test  6 


Iniection  Rate  =  160 

cc/hr 

Cura.  Oil 
Production 
cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst  • 

WOR 

AP 

PSIG 

2.0 

5.88 

4.94 

62.5 

4.0 

11.76 

9.88 

72.5 

6.0 

17.65 

14.81 

79.0 

8.0 

23.53 

19.75 

83.0 

10.0 

29.41 

24.69 

83.5 

12.0 

35.29 

29.63 

82.7 

14.0 

41.18 

34.57 

81.0 

14.6 

42.94 

36.05 

80.0 

15.8 

46.47 

0.8 

41.0 

0 . 67  s 1 

77.0 

16.6 

48.82 

2.0 

45.8 

1.5  si 

74.0 

17.1 

50.29 

3.5 

50.8 

3 .00  s 1 

71.0 

17.6 

51.76 

5.0 

55.8 

3.00  si 

69.0 

18.0 

52.94 

6.6 

60.7 

4.00  si 

67.0 

18.4 

54.12 

8.2 

65.7 

4.00  si 

64.0 

18.8 

55.29 

11.8 

75.5 

9.00  s  1 

60.7 

19.0 

55.88 

13.6 

80.5 

9.00  s 1 

58.7 

19.2 

56.47 

15.8 

85.4 

ll.OOsl 

57.7 

19.25 

56.62 

17.75 

91.3 

39.00  si 

56.5 

19.3 

56.76 

19.7 

96.2 

39 .00  s 1 

55.7 

19.3 

56.76 

21.7 

101.1 

55.7 
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TABLE  7-B 


Production  History:  Series  1)  Waterflood.  Test  7 

Injection  Rate  =»  240  cc/hr 


Cum.  Oil 
Production 
cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst  • 

WOR 

A? 

PSIG 

2.0 

5.88 

4.94 

64.0 

4.0 

11.76 

9.88 

71.0 

6.0 

17.65 

14.81 

76.0 

8.0 

23.53 

19.75 

79.0 

10.0 

29.41 

24.69 

82.0 

12.0 

35.29 

29.63 

84.0 

14.0 

41.18 

34.57 

85.2 

16.0 

47.06 

39.51 

85.2 

16.5 

48.53 

40.74 

84.0 

18.3 

53.82 

2.0 

50.2 

1.11:1 

83.2 

18.7 

55.0 

7.0 

63.4 

12.5  si 

81.2 

18.7 

55.0 

7.8 

65.4 

— 

79.0 

19.5 

57.35 

11.0 

75.3 

3 . 76  s 1 

77.5 

19.7 

57.94 

12.8 

80.3 

9.00  si 

76.5 

19.7 

57.94 

14.8 

85.2 

T>0 

76.0 
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TABLE  8-B 


Production  History;  Series  I)  Waterflood,  Test  8 

Injection  Rate  «  320  cc/hr 


Cum.  Oil 
Production 
cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst . 

WOR 

AP 

PSIG 

2.0 

5.73 

4.94 

140.0 

4.0 

11.46 

9.88 

160.0 

6.0 

17.19 

14,81 

170.0 

8.0 

22.92 

19.75 

173.0 

10.0 

28.65 

24.69 

169.0 

12.0 

34.38 

29.63 

165.0 

14.0 

40.11 

34.57 

157.0 

16.0 

45.85 

39.51 

150.0 

16.5 

47.28 

40.74 

144.0 

18.3 

52.44 

0.2 

45.7 

O.II2I 

138.0 

19.2 

55.01 

1.3 

50.6 

1 .22  s 1 

132.0 

19.8 

56.73 

2.7 

55.6 

2 . 34  s 1 

126.0 

19.9 

57.02 

4.6 

60.5 

19.0021 

123.0 

20.0 

57.30 

5.5 

63.0 

9.0021 

118.0 

20.0 

57.30 

8.5 

70.4 

116.0 
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TABLE  9-B 


Production  History:  Series  I)  Waterflood,  Test  9 

Injection  Rate  =  400  cc/hr 


Cura.  Oil 
Production 
cc  %  IOIP 

Cum.  Vater 
Production 
cc 

Water 
Injected 
%  PV 

Inst  • 

WOR 

A? 

PSIG 

2*0 

5.83 

4.94 

100.0 

4.0 

11.66 

9.88 

120.0 

6.0 

17.49 

14.81 

132.0 

8.0 

23.32 

19.75 

141.0 

10.0 

29.15 

24.69 

147.0 

11.8 

34.40 

29.14 

148.0 

16.0 

46.64 

2.0 

44.4 

0.48:1 

143.0 

17.0 

49.56 

5.0 

54.3 

3.00:1 

136.0 

17.8 

51.90 

8.2 

64.2 

4.00:1 

132.0 

18.0 

52.48 

12.0 

74.1 

19.00:1 

128.0 

18.0 

52.48 

16.0 

84.0 

125.0 

18.0 

52.48 

19.0 

91.3 

oO 

124.0 
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Table  10-B 


Production  History;  Series  E  Waterflood.  Test  1 

Injection  Rate  «  100  cc/hr 


Cum.  Oil 
Production 
cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst  • 

WOR 

AP 

PSIG 

2.0 

5.76 

4.94 

36.0 

4.0 

11.53 

9.88 

39.0 

6.0 

17.29 

14.81 

40.5 

8.0 

23.05 

19.75 

41.5 

10.0 

28.81 

24.69 

42.0 

12.0 

34.58 

29.63 

42.0 

14.0 

40.34 

34.57 

41.7 

16.0 

46.10 

39.51 

41.7 

17.1 

49.27 

42.22 

41.2 

18.4 

53.02 

1.7 

49.7 

1.3  si 

40.7 

18.7 

53.89 

3.4 

54.6 

5 . 67  s 1 

39.5 

19.0 

54.75 

5.1 

59.6 

5 . 67  s 1 

39.0 

19.4 

55.90 

6.7 

64.5 

4,00  si 

38.5 

19.6 

56.48 

8.5 

69.4 

9 .00  s 1 

38.2 

19.8 

57.06 

10.3 

74.3 

9.00  si 

37.7 

19.9 

57.34 

12.2 

79.3 

19.00  s  1 

37.2 

19.9 

57.34 

15.2 

86,6 

37.2 
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TABLE  11-B 


Production  History;  Series  E  Waterflood.  Test  2 

Injection  Rate  =  160  cc/hr 


Cum,  Oil 

Production 

cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst . 

WOR 

A? 

PSIG 

2.0 

5.76 

4.94 

63.0 

4.0 

11.53 

9.88 

74.7 

6.0 

17.29 

14.81 

83.7 

8.0 

23.05 

19.75 

86.0 

10.0 

28.81 

24.69 

85.2 

12.0 

34.58 

29.63 

83.5 

14.0 

40.34 

34.57 

80.2 

16.0 

46.10 

39.51 

78.2 

16.7 

48.12 

41.23 

75.5 

18.9 

54.47 

1.8 

51.2 

0.82  si 

72.2 

19.5 

56.20 

3.2 

56.1 

2.34:1 

68.7 

19.7 

56.70 

5.0 

61.0 

9 .00 ; 1 

66.5 

19.9 

57.34 

6.8 

66.0 

9.00:1 

65.7 

20.0 

57.64 

10.7 

75.8 

39.00:1 

63.7 

20.1 

57.93 

12.6 

80.7 

19.00:1 

61.5 

20.1 

57.93 

14.6 

85.7 

59.7 
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TABLE  12-B 


Production  History?  Series  E  Waterflood,  Test  3 

Injection  Rate  =  240  cc/hr 


Cum.  Oil 

Production 

cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst  • 
WOR 

AP 

PSIG 

2.0 

5.76 

4.94 

70.0 

4.0 

11.53 

9.88 

82.0 

6.0 

17.29 

14.81 

90.0 

8.0 

23.45 

19.75 

91.0 

10.0 

28.81 

24.69 

94.0 

12.0 

34.59 

29.63 

96.0 

14.0 

40.34 

34.57 

98.0 

16.0 

46.10 

39.51 

98.5 

18.0 

51.87 

44.44 

97.0 

18.7 

53.89 

46.17 

96.5 

19.3 

55.62 

3.4 

56.1 

5 . 7  s  1 

93.0 

19.9 

57.34 

5.8 

63.4 

4 .0  s  1 

91.0 

20.0 

57.64 

8.7 

70.8 

29.0  s 1 

90.0 

20.0 

57.64 

13.7 

83.2 

<=x£> 

89.0 
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TABLE  13-B 


Production  Historys  Series  E  Waterflood.  Test  4 

Infection  Rate  =  320  cc/hr 


Cum.  Oil 

Production 

cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst  • 
WOR 

AP 

PSIG 

2.0 

5.73 

4.94 

95.2 

4.0 

11.46 

9.88 

101.0 

6.0 

17.19 

14.81 

103.5 

8.0 

22.92 

19.75 

105.0 

10.0 

28.65 

24.69 

106.0 

12.0 

34.38 

29.63 

108.0 

14.0 

40.11 

34.57 

109.5 

16.0 

45.85 

39.51 

110.0 

18.0 

51.58 

44.44 

109.2 

19.1 

54.73 

47.16 

108.0 

19.5 

55.87 

1.6 

52.2 

4  s  1 

106.0 

19.7 

56.45 

5.4 

62.0 

19  si 

104.5 

19.9 

57.02 

9.2 

71.9 

19  s  1 

103.0 

20.2 

57.88 

14.9 

86.6 

19  s  1 

102.0 

20.2 

57.88 

19.9 

99.0 

101.5 
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TABLE  14-B 


Production  Historys  Series  F  Waterflood.  Test  1 

Injection  Rate  =  100  cc/hr 


Cum.  Oil 
Production 
cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst . 
WOR 

AP 

psic 

2.0 

5.60 

4.94 

32.0 

4.0 

11.20 

9.88 

32.0 

6.0 

16.81 

14.81 

34.0 

8.0 

22.41 

19.75 

35.0 

10.0 

28.01 

24.69 

35.0 

12.0 

33.61 

29.63 

35.5 

14.0 

39.22 

34.57 

35.7 

16.0 

44.82 

39.51 

36.5 

18.0 

50.42 

44.44 

37.0 

20.0 

56.02 

49.38 

37.7 

21.4 

59.94 

52.84 

37.7 

21.4 

5  9.94 

2.0 

57.7 

37.0 

21.4 

5  9.94 

6.0 

67.7 

oO 

36.0 

21.4 

59.94 

9.6 

76.5 

35.5 
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TABLE  15-B 


Production  Historyg  Series  F  Waterflood,  Test  2 

Injection  Rate  =  160  cc/hr 


Cura.  Oil 

Production 

cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst  • 
WOR 

AP 

PSIG 

2.0 

5.67 

4.94 

57.0 

4.0 

11.33 

9.88 

55.0 

6.0 

17.00 

14.81 

55.0 

8.0 

22.66 

19.75 

54.7 

10.0 

28.33 

24.69 

55.0 

12.0 

33.99 

29.63 

55.0 

14.0 

39.66 

34.57 

55.5 

16.0 

45.33 

39.51 

56.0 

18.0 

50.99 

44.44 

56.5 

20.0 

56.66 

49.38 

56.5 

20.4 

57.79 

50.37 

56.0 

20.8 

58.92 

1.6 

55.3 

4  S  1 

55.0 

21.2 

60.34 

3.2 

60.3 

4s  1 

54.5 

21.3 

60.47 

7.1 

70.2 

39sl 

54.0 

21.4 

60.62 

9.0 

75.6 

19  s  1 

53.7 

21.4 

60.62 

13.0 

84.9 

53.5 
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TABLE  16-B 

Production  History;  Series  F  Waterflood.  Test  3 

Injection  Rate  =  240  cc/hr 


Cum.  Oil 
Production 


c  c 
2.0 
4.0 
6.0 
8.0 
10.0 
12.0 
14.0 
16.0 
18.0 
20.3 
20.3 

20.5 

20.6 
20.7 
20.7 


IOIP 
5.67 

11.33 
17.00 
22.66 

28.33 

33.99 
39.66 

45.33 

50.99 
57.51 
57.51 
58.08 
58.36 
58.64 
58.64 


Cum.  Water  Water 
Production  Injected 
cc  %  PV 


Inst . 
WOR 


2.0 

7.8 

9.7 

13.6 

17.6 


4.94 

9.88 

14.81 

19.75 

24.69 
29.63 
34.57 
39.51 
44.44 
50.12 
55.10 

69.80 

74.80 

84.70 
94.50 


29  s  1 

19  s  1 
39sl 
*^0 


A? 

PSIG 

71.0 

76.0 

79.0 

80.5 

81.5 

82.5 
84.0 

84.5 
84.0 

83.5 
82.0 

80.5 
80.0 

79.5 
79.5 
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TABLE  17-B 

Production  History;  Series  F  Waterflood,  Test  4 

Injection  Rate  =  320  cc/hr 


Cum.  Oil 

Production 

cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst . 
WOR 

A? 

PSIG 

2.0 

5.67 

4.94 

88.0 

4.0 

11.33 

9.88 

94.0 

6.0 

17.00 

14.81 

98.5 

8.0 

22.66 

19.75 

100.2 

10.0 

28.33 

24.69 

100.7 

12.0 

33.99 

29.63 

101.5 

14.0 

39.66 

34.57 

102.2 

16.0 

45.33 

39.51 

103.5 

18.0 

50.99 

44.44 

104.0 

20.2 

57.22 

49.88 

103.2 

20.3 

57.51 

1.9 

54.80 

19sl 

100.5 

20.4 

57.79 

3.8 

5  9.70 

19  s  1 

99.7 

20.4 

57.79 

5.8 

64.70 

99.2 

20.7 

58.64 

9.5 

74.5 

12.3sl 

98.2 

20.7 

58.64 

16.3 

91.3 

97.5 
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TABLE  1 8-B 


Production  History;  Series  G  Waterflood.  Test  1 

Injection  Rate  =  10  cc/hr 


Cum.  Oil 

Production 

cc  %  IOIP 

Cum.  Water 
Production 

cc 

Water 
Injected 
%  py 

Inst  • 
WOR 

AP 

PSIG 

2.0 

4.94 

4.94 

6.2 

4.0 

9.88 

9.88 

4.7 

6.0 

14.81 

14.81 

4.2 

8.0 

19.75 

19.75 

4.0 

10.0 

24.69 

24.69 

3.7 

12.0 

29.63 

29.63 

3.7 

14.0 

34.57 

34.57 

3.7 

16.0 

39.51 

39.51 

3.7 

18.0 

44.44 

44.44 

3.7 

20.0 

49.38 

49.38 

3.7 

22.0 

54.32 

54.32 

4.0 

24.0 

59.26 

59.26 

4.2 

26.0 

64.19 

64.19 

4.2 

28.0 

69.13 

69.13 

4.5 

29.0 

71.61 

71.61 

4.5 

29.2 

72.10 

1.8 

76.5 

9  i  1 

4.2 

29.3 

72.35 

3.7 

81.5 

19  s  1 

4.2 

29.4 

72.59 

5.6 

86.4 

19  s  1 

4.2 

29.5 

72.84 

7.5 

91.4 

19  2  1 

4.2 

29.5 

72.84 

9.5 

96.4 

oO 

4.2 
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TABLE  19-B 


Production  History;  Series  G  Waterflood,  Test  2 

Injection  Rate  =  40  cc/hr. 


Cum.  Oil 

Production 

cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst . 
WOR 

AP 

PSIG 

2.0 

4.00 

4.0 

6.7 

4.0 

8.00 

8.0 

6.2 

6.0 

12.00 

12.0 

6.0 

8.0 

16.00 

16.0 

6.0 

10.0 

20.00 

20.0 

5.7 

12.0 

24.00 

24.0 

5.7 

14.0 

28.00 

28.0 

5.7 

16.0 

32.00 

32.0 

5.7 

18.0 

36.00 

36.0 

5.7 

20.0 

40.00 

40.0 

5.7 

22.0 

44.00 

44.0 

5.7 

24.0 

48.00 

48.0 

5.7 

26.0 

52.00 

52.0 

5.7 

28.0 

56.00 

56.0 

6.0 

30.0 

60.00 

60.0 

6.2 

32.0 

64.00 

64.0 

6.5 

34.0 

68.00 

68.0 

6.7 

34.4 

68.80 

68.8 

6.7 

34.7 

69.40 

1.8 

72.8 

6  i  1 

6.5 

34.8 

69.60 

3.6 

76.8 

18:1 

6.2 

34.8 

69.60 

7.6 

84.8 

<=x£> 

6.2 

B  27 


TABLE  20-B 


Production  History:  Series  G  Waterflood.  Test  3 

Injection  Rate  m  120  cc/hr 


Cum,  Oil 

Production 

cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst  • 
WOR 

AP 

PSIG 

2,0 

4.00 

4.0 

18.5 

4,0 

8.00 

8.0 

17.5 

6,0 

12.00 

12.0 

16,5 

8.0 

16.00 

16.0 

16.0 

10.0 

20.00 

20.0 

15.5 

12.0 

24.00 

24.0 

15.5 

14.0 

28.00 

28.0 

15.5 

16.0 

32.00 

32.0 

15.5 

18.0 

36.00 

36.0 

15.5 

20.0 

40.00 

40.0 

15.5 

22.0 

44.00 

44.0 

15.5 

24.0 

48.00 

48.0 

15.2 

26.0 

52.00 

52.0 

15.5 

28.0 

56.00 

56.0 

15.7 

30.0 

60.00 

60.0 

16.0 

32.0 

64.00 

64.0 

16.2 

33.0 

6§.00 

66.0 

16.2 

33.1 

66.20 

1.8 

70.0 

18:1 

16.0 

33.2 

66.40 

3.8 

74.0 

20:1 

16.0 

33.2 

66.40 

5.8 

78.0 

16.0 

33.3 

66.60 

7.7 

82.0 

19:1 

15.7 

33.3 

66.60 

9.7 

86.0 

15.7 

Jtkgl  ♦ 

tuV 
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TABLE  21-B 


Production  History:  Series  G  Waterflood.  Test  4 

Injection  Rate  m  240  cc/hr 


Cum,  Oil 

Production 

cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
£  PV 

Inst . 
WOR 

L? 

PSIG 

2.0 

4.17 

4.17 

29.2 

4.0 

8.33 

8.33 

28.7 

6.0 

12.50 

12.50 

28.5 

8.0 

16.67 

16.67 

28.2 

10.0 

20.83 

20.83 

28.2 

12.0 

25.00 

25.00 

28.2 

14.0 

29.17 

29.17 

28.2 

16.0 

33.33 

33.33 

28.2 

18.0 

37.50 

37.50 

28.2 

20.0 

41.66 

41.66 

28.2 

22.0 

45.83 

45.83 

28.2 

24.0 

50.00 

50.00 

28.2 

26.0 

54.17 

54.17 

28.5 

28.0 

58.33 

58.33 

29.0 

30.0 

62.50 

62.50 

29.5 

32.0 

66.67 

66.67 

29.7 

32.4 

67.50 

67.50 

30„0 

32.5 

67.71 

1.9 

71.60 

19:1 

29.7 

32.6 

67.92 

3.8 

75.81 

19:1 

29.5 

32.6 

67.92 

5.8 

79.90 

29.5 

. 

i 


* 
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TABLE  22-B 


Production  History:  Series  G  Waterflood.  Test  5 

Injection  Rate  a  320  cc/hr 


Cum.  Oil 
Production 
cc  %  IOIP 

Cum.  Vater  Vater 
Production  Injected 
cc  %  PV 

Inst. 

VOR 

A? 

PSIG 

2.0 

4.17 

4.17 

43.7 

4.0 

8.33 

8.33 

42.0 

6.0 

12.50 

12.50 

41.0 

8.0 

16.67 

16.67 

40.7 

10.0 

20.83 

20.83 

40.2 

12.0 

25.00 

25.00 

40.2 

14.0 

29.17 

29.17 

40.2 

16.0 

33.33 

33.33 

40.5 

18.0 

37.50 

37.50 

40.5 

20.0 

41.66 

41.66 

40.7 

22.0 

45.83 

45.83 

40.7 

24.0 

50.00 

50.00 

41.0 

26.0 

54.17 

54.17 

41.5 

28.0 

58.33 

58.33 

41.5 

30.0 

62.50 

62.50 

42.0 

31.4 

65.42 

65.42 

43.5 

31.6 

65.83 

1. 

8 

69.6 

9:1 

43.0 

31.8 

66.25 

3. 

6 

73.7 

9:1 

43.0 

31.8 

66.25 

5. 

6 

77.8 

ofi 

42.5 

31.9 

66.46 

7. 

5 

82.0 

19:1 

42.5 

31.9 

66.46 

9. 

5 

86.2 

OO 

42.0 

^  •:>  .  ..  jl  Li  .  ■ 

.. 


' 
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TABLE  23-B 


Production 

History:  Series  G  Waterflood. 

Test  6 

Injection  Rate  =  480 

cc/hr 

Cum.  Oil 

Production 

cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst  • 
WOR 

AP 

PSIG 

2.0 

4.17 

4.17 

58.2 

4.0 

8.33 

8.33 

57.7 

6.0 

12.50 

12.50 

56.7 

8.0 

16.67 

16.67 

56.7 

10.0 

20.83 

20.83 

56.7 

12.0 

25.00 

25.00 

57.0 

14.0 

29.17 

29.17 

57.2 

16.0 

33.33 

33.33 

57.7 

18.0 

37.50 

37.50 

58.0 

20.0 

41.65 

41.65 

58.5 

22.0 

45.83 

45.83 

58.2 

24.0 

50.00 

50.00 

58.2 

26.0 

54.17 

54.17 

59.2 

28.0 

58.33 

58.33 

61.5 

30.0 

62.50 

62.50 

63.5 

31.3 

65.23 

65.23 

64.5 

31.4 

65.42 

1.9 

69.31 

19:1 

64.5 

31.5 

65.63 

3.8 

73.50 

19:1 

64.2 

31.6 

65.83 

5.7 

77.72 

19:1 

64.0 

31.7 

66.04 

7.6 

81.80 

19:1 

64.0 

31.7 

66.04 

9.6 

85.90 

®c> 

64.0 
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TABLE  24-B 


Production  History:  Series  H  Waterflood.  Test  1 

Injection  Rate  =  40  cc/hr 


Cum.  Oil 

Production 

cc  %  IOIP 

Cum.  Vater 
Production 
cc 

Water 
Injected 
%  PV 

Inst . 

WOR 

AP 

PSIG 

2.0 

4.20 

3.22 

30.0 

4.0 

8.40 

6.45 

29.2 

6.0 

12.60 

9.68 

28.2 

8.0 

16.80 

12.90 

27.0 

10.0 

21.00 

16.12 

26.2 

12.0 

25.21 

19.35 

24.5 

14.0 

29.41 

22.58 

23.0 

16.0 

33.61 

25.80 

21.7 

18.0 

37.81 

29.03 

20.2 

20.0 

42.00 

32.24 

19.0 

22.0 

46.21 

35.48 

18.0 

23.0 

48.31 

37.09 

17.2 

24.3 

51.05 

2.7 

43.59 

2.08:1 

15.2 

25.3 

53*15 

5.7 

50.00 

3.00:1 

13.7 

26.3 

55.25 

8.7 

56.45 

3.00:1 

12.5 

27.0 

56.72 

12.0 

62.90 

4.70:1 

11.7 

27.7 

58.19 

15.3 

69.35 

4.70:1 

11.2 

28.2 

59.24 

18.8 

75.80 

7.00:1 

10.7 

28.5 

59.87 

22.5 

82.25 

12.30:1 

10.5 

28.9 

60.71 

26.1 

88.70 

9.00:1 

10.2 

29.2 

61.34 

29.8 

95.16 

12.30:1 

10.0 

29.6 

62.18 

33.4 

101.61 

9.00:1 

10.0 

29.8 

62.60 

37.2 

108.06 

19.00:1 

9.7 

30.0 

63.02 

41.0 

114.52 

19.00:1 

9.7 

30.0 

63.02 

43.0 

117.74 

OD 

9.7 
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TABLE  25-B 


Production  History;  Series  H  Waterflood.  Test  2 

Injection  Rate  =  80  cc/hr 


Cum.  Oil 

Production 

cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst  • 

WOR 

AP 

PSIG 

2.0 

4.12 

3.22 

64.5 

4.0 

8.25 

6.45 

75.0 

6.0 

12.37 

9.68 

83.5 

8.0 

16.50 

12.90 

87.5 

10.0 

20.62 

16.12 

88.0 

12.0 

24.74 

19.35 

84.7 

14.0 

28.86 

22.58 

80.2 

16.0 

32.99 

25.80 

74.2 

18.0 

37.11 

29.03 

67.0 

20.2 

41.65 

32.60 

62.7 

22.0 

45.36 

2.2 

39.05 

1.22:1 

50.5 

23.4 

48.24 

4.8 

45.5 

1.85:1 

45.0 

24.4 

50.30 

7.8 

51.9 

3.00:1 

40.5 

25.2 

51.95 

11.0 

58.4 

4.00:1 

37.2 

25.8 

53.19 

14.4 

64.8 

5.67:1 

34.7 

26.4 

54.43 

17.8 

71.4 

5.67:1 

32.7 

26.7 

55.05 

21.5 

77.8 

13.40:1 

31.2 

27.3 

56.28 

24.9 

84.3 

5.67:1 

30.0 

27.8 

57.31 

28.4 

90.6 

7.00:1 

29.5 

28.1 

57.93 

32.1 

97.0 

13.40:1 

29.0 

28.3 

58.35 

35.9 

103.4 

19.00:1 

28.0 

28.4 

58.55 

39.8 

109.9 

39.00:1 

27.7 

28.6 

58.96 

43.6 

116.2 

19.00:1 

27.2 

28.7 

59.17 

47.5 

122.6 

39.00:1 

27.0 

28.7 

59.17 

49.5 

125.7 

oO 

27.0 
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TABLE  26-B 


Production  History:  Series  H  Waterflood.  Test  3 

Injection  Rate  =  120  cc/hr 


Cum.  Oil 
Production 
cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst  • 
WOR 

AP 

PSIG 

2.0 

4.12 

3.22 

130.0 

4.0 

8.25 

6.45 

147.0 

6.0 

12.37 

9.68 

166.5 

8.0 

16.50 

12.90 

165.5 

10.0 

20.62 

16.12 

157.0 

12.0 

24.74 

19.35 

145.0 

14.0 

28.86 

22.58 

133.0 

16.0 

32.99 

25.80 

120.0 

17.6 

36.28 

28.30 

110.0 

19.7 

40.61 

1.9 

34.80 

0.9:1 

95.0 

21.0 

43.29 

4.6 

41.2 

2.1:1 

84.0 

22.1 

45.56 

7.5 

47.8 

2.6:1 

77.0 

22.7 

46.80 

10.9 

54.2 

5.7:1 

71.5 

23.6 

48.65 

14.0 

60.6 

3.5:1 

68.0 

24.3 

50.10 

17.3 

67.0 

4.7:1 

65.0 

24.8 

51.13 

21.8 

73.4 

9.0:1 

63.0 

25.2 

51.95 

24.4 

79.8 

6.5:1 

61.0 

25.7 

52.98 

27.9 

86.2 

7.0:1 

60.0 

25.9 

53.40 

31.7 

92.6 

19.0:1 

59.0 

26.2 

54.02 

35.4 

99.0 

12.4:1 

58.5 

26.4 

54.43 

39.2 

105.4 

19.0:1 

57.5 

26.6 

54.84 

43.0 

111.8 

19.0:1 

57.0 

26.7 

55.05 

46.9 

118.2 

39.0:1 

56.5 

26.8 

55.25 

50.8 

125.6 

39.0:1 

55.5 

26.8 

55.25 

52.8 

128.8 

55.5 
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TABLE  27-B 


Production  History;  Series  H  Waterflood,  Test  4 


Injection  Rate  =  200 

cc/hr 

Cum*  Oil 

Production 

cc  %  IOIP 

Cum.  Vater 
Production 
cc 

Water 
Injected 
%  PV 

Inst  • 
WOR 

A  9 

PSIG 

2.0 

4.12 

3.22 

155.0 

4.0 

8.25 

6.45 

209.0 

6.0 

12.37 

9.68 

237.0 

8.0 

16.50 

12.90 

239.0 

10.0 

20.62 

16.12 

231.0 

12.0 

24.74 

19.35 

218.5 

14.0 

28.86 

22.58 

206.0 

16.0 

32.99 

25.80 

192.5 

18.5 

38.14 

29.80 

181.0 

20.7 

42.68 

1.8 

36.2 

0.8:1 

162.0 

21.7 

44.74 

4.3 

42.6 

3.0:1 

150.5 

22.6 

46.59 

7.9 

49.0 

3.5:1 

142.0 

23.1 

47.62 

11.4 

55.4 

7.0:1 

136.0 

23.6 

48.65 

14.9 

61.8 

7.0:1 

131.5 

24.0 

49.48 

18.5 

68.4 

9.0:1 

128.0 

24.4 

50.30 

22.1 

74.8 

9.0:1 

125.0 

24.9 

50.72 

25.6 

81.3 

7.0:1 

123.0 

25.2 

51.95 

29.3 

87.7 

12.3:1 

120.5 

25.3 

52.16 

33.2 

94.2 

39.0:1 

119.0 

25.6 

52.78 

36.9 

100.6 

12.3:1 

118.5 

25.9 

53.40 

40.6 

107.1 

12.3:1 

117.5 

26.0 

53.60 

44.5 

113.6 

39.0:1 

116.5 

26.2 

54.02 

48.3 

123.0 

19.0:1 

116.0 

26.4 

54.43 

52.1 

129.4 

19.0:1 

115.5 

26.6 

54.84 

55.9 

135.9 

19.0:1 

115.0 

26.7 

55.05 

57.8 

139.1 

19.0:1 

114.0 

26.7 

55.05 

59.8 

142.3 

114.0 
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TABLE  28-B 


Production  History:  Series  H  Waterflood.  Test  5 


In.iection  Rate  =  320 

cc/hr 

Cum.  Oil 
Production 
cc  %  IOIP 

Cura.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst  • 

WOR 

A? 

PSIG 

2.0 

4.12 

3.22 

169.0 

4.0 

8.25 

6.45 

240.0 

6.0 

12.37 

9.68 

— 

8.0 

16.50 

12.90 

— 

10.0 

20.62 

16.12 

— 

12.0 

24.74 

19.35 

— 

14.0 

28.86 

22.58 

239.0 

16.0 

32.99 

25.80 

229.0 

17.1 

35.25 

27.60 

222.0 

19.7 

40.61 

1.4 

34.0 

0.54:1 

203.0 

21.1 

43.50 

4.0 

40.4 

1.80:1 

291.0 

22.1 

45.56 

7.0 

46.8 

3.00:1 

181.5 

22.8 

47.01 

10.3 

53.3 

4.70:1 

175.0 

23.1 

47.62 

14.0 

59.7 

12.30:1 

170.5 

23.4 

48.24 

17.7 

66.1 

12.30:1 

166.5 

23.6 

48.65 

21.5 

72.5 

19.00:1 

162.0 

24.0 

49.48 

25.1 

79.0 

9.00:1 

161.0 

24.2 

49.89 

28.9 

85.4 

19.00:1 

159.0 

24.3 

50.10 

32.8 

91.8 

39.00:1 

157.0 

24.5 

50.51 

36.6 

98.3 

19.00:1 

154.5 

24.5 

50.  SI 

40.6 

104.7 

06 

154.0 
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TABLE  29-B 

Production  History;  Series  J  Waterflood.  Test  1 

Injection  Rate  =  40  cc/hr 


Cura,  Oil 

Production 

cc  %  IOIP 

Cum.  Water  Water 
Production  Injected 
cc  %  PV 

Inst  • 
WOR 

AP 

PSIG 

2.0 

4.15 

3.22 

25.7 

4.0 

8.30 

6.45 

26.5 

6.0 

12.45 

9.68 

27.7 

8.0 

16.60 

12.90 

28.7 

10.0 

20.75 

16.12 

28.7 

12.0 

24.90 

19.35 

28.7 

14.0 

29.05 

22.58 

28.7 

16.0 

33.20 

25.80 

27.7 

18.0 

37.35 

29.03 

27.2 

20.5 

42.53 

33.06 

25.7 

21.9 

45.44 

2.6 

39.52 

1.8:1 

24.2 

22.6 

46.86 

5.9 

45.97 

4.7:1 

22.5 

23.5 

48.76 

9.0 

52.42 

3.5:1 

21.2 

23.9 

49.59 

12.6 

58.87 

9.0:1 

20.2 

24.3 

50.41 

16.2 

65.32 

9.0:1 

19.2 

24.5 

50.83 

20.2 

71.77 

19.0:1 

18.5 

24.8 

51.45 

23.7 

78.23 

12.3:1 

17.7 

25.2 

52.28 

27.3 

84.68 

9.0:1 

17.5 

25.5 

52.90 

31.0 

91.13 

12.3:1 

17.2 

25.7 

53.32 

34.8 

97.58 

19.0:1 

17.0 

25.8 

53.53 

36.7 

100.80 

20.0:1 

16.7 

25.8 

53.53 

38.7 

104.03 

cpO 

16.7 
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TABLE  30-B 

Production  History;  Series  J  Waterflood.  Test  2 

Injection  Rate  =  80  cc/hr 


Cum.  Oil 

Production 

cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst . 

WOR 

AP 

PSIG 

2.0 

4.20 

3.22 

73.0 

4.0 

8.40 

6.45 

79.0 

6.0 

12.60 

9.68 

83.5 

8.0 

16.80 

12.90 

83.7 

10.0 

21.00 

16.12 

83.7 

12.0 

25.21 

19.35 

82.0 

14.0 

29.41 

22.58 

79.7 

16.0 

33.61 

25.80 

76.5 

18.8 

39.50 

30.32 

72.5 

20.2 

42.44 

2.6 

36.77 

1 . 9  2  1 

66.7 

20.9 

43.91 

5.9 

43.23 

4.7:1 

62.0 

21.5 

45.17 

9.3 

49.68 

5.7:1 

57.5 

22.0 

46.22 

12.8 

56.13 

7.0:1 

55.5 

22.5 

47.27 

16.3 

62.58 

7.0:1 

51.7 

22.8 

47.90 

20.0 

69.03 

12.3:1 

49.5 

23.1 

48.53 

23.7 

75.48 

12.3:1 

48.0 

23.4 

49.16 

27.4 

81.94 

12.3:1 

46.7 

23.6 

49.57 

31.2 

88.39 

19.0:1 

45.7 

23.7 

49.79 

33.2 

91.77 

20.0:1 

45.5 

23.7 

49.79 

35.2 

95.00 

CO 

45.2 
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TABLE  31-B 

Production  History;  Series  J  Waterflood.  Test  3 

Injection  Rate  =  120  cc/hr 


Cum.  Oil 

Production 

cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst . 

WOR 

AP 

PSIG 

2.0 

4.20 

3.22 

95.0 

4.0 

8.40 

6.45 

111.5 

6.0 

12.60 

9.68 

121.5 

8.0 

16.80 

12.90 

124,0 

10.0 

21.00 

16.12 

123.0 

12.0 

25.21 

19.35 

120.0 

14.0 

29.41 

22.58 

114.0 

16.0 

33.61 

25.80 

110.0 

18.5 

38.87 

29.83 

103.5 

19.9 

41.81 

2.6 

36.29 

1.9:1 

96.0 

20.5 

43.07 

6.0 

42.74 

5.7:1 

91.0 

21.0 

44.12 

9.5 

49.19 

7.0:1 

83.5 

21.5 

45.17 

13.0 

55.65 

7.0:1 

80.0 

21.9 

46.00 

16.6 

62.10 

9.0:1 

75.0 

22.2 

46.64 

20.3 

68.55 

12.3:1 

73.5 

22.5 

47.27 

24.0 

75.00 

12.3:1 

70.0 

22.7 

47.69 

27.8 

81.45 

19.0:1 

68.0 

22.8 

47.90 

29.8 

84.84 

20.0:1 

67.0 

22.8 

47.90 

33.7 

91.13 

66.5 
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TABLE  32-B 

Production  History;  Series  J  Waterflood.  Test  4 

Injection  Rate  =  200  cc/hr 


Cum,  Oil 

Production 

cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst . 

WOR 

A  9 
PSIG 

2.0 

4.15 

3.22 

141.0 

4.0 

8.30 

6.45 

174.0 

6.0 

12.45 

9.68 

201.5 

8.0 

16.60 

12.90 

203.0 

10.0 

20.75 

16.12 

199.5 

12.0 

24.90 

19  i  35 

198.5 

14.0 

29.05 

22.58 

181.5 

16.0 

33.20 

25.80 

173.0 

18.6 

38.59 

30.00 

162.0 

19.8 

41.08 

2.8 

36.45 

2.3:1 

151.0 

20.6 

42.74 

6.0 

42.90 

4.0:1 

139.5 

21.6 

44.81 

9.0 

49.35 

3.0:1 

130.5 

22.2 

46.06 

12.4 

55.80 

5.7:1 

123.0 

22.5 

46.68 

16.1 

62.25 

12.3:1 

117.5 

22.8 

47.30 

19.8 

68.70 

12.3:1 

114.5 

23.0 

47.71 

23.6 

75.16 

19.0:1 

113.5 

23.0 

47.71 

27.6 

84.83 

113.0 
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TABLE  33-B 


Production  History;  Series  J  Waterflood.  Test  5 

Injection  Rate  ^  320  cc/hr 


Cum.  Oil 
Production 
cc  %  IOIP 

Cum.  Water 
Production 
cc 

Water 
Injected 
%  PV 

Inst  • 

WOR 

AP 

PSIG 

2.0 

4.15 

3.22 

240.0 

4.0 

8.30 

6.45 

290.0 

6.0 

12.45 

9.68 

— 

8.0 

16.60 

12.90 

— 

10.0 

20.75 

16.12 

— 

12.0 

24.90 

19.35 

— 

14.0 

29.05 

22.58 

16.7 

34.64 

26.93 

280.0 

17.7 

36.72 

3.0 

33.38 

3.0:1 

260.0 

18.7 

38.79 

6.0 

39.83 

3.0:1 

249.0 

19.3 

40.04 

9.4 

46.29 

5.7:1 

239.0 

19.9 

41.28 

12.8 

52.74 

5.7:1 

229.5 

20.2 

41.90 

16.5 

59.19 

12.3:1 

220.0 

20.5 

42.53 

20.2 

65.64 

12.3:1 

212.5 

20.7 

42.94 

24.0 

72.09 

19.0:1 

205.0 

20.9 

43.36 

27.8 

78.54 

19.0:1 

200.5 

21.0 

43.56 

31.7 

85.00 

39.0:1 

193.0 

21.0 

43.56 

38.7 

96.29 

<=X> 

191.0 

■ 

VISCOSITY  OF  WATER 
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FIG.  8-B.  RELATION  BETWEEN  VISCOSITY  OF  WATER  AND 
TEMPERATURE.  (From  Reference  22) 


